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ABSTRACT 
Erika Marie Nyhus (Ph.D.  Psychology, Neuroscience, and Cognitive Science) 
Theta Oscillations in Top-down Control of Episodic Memory Retrieval 
Directed by Tim Curran, Professor, Department of Psychology, University of Colorado 
at Boulder 
 
The right prefrontal cortex and left parietal cortex have been implicated in the 
cognitive control of episodic memory retrieval.  In addition, the relationship between 
executive function tasks and episodic retrieval indicate that they both depend on similar 
cognitive control processes.  We recently proposed that theta oscillations represent 
interactions between brain systems for the control of episodic retrieval (reviewed in 
Nyhus & Curran, 2010).  Top-down control of episodic retrieval is generally greater 
during source retrieval (e.g. retrieving contextual information such as the gender of the 
voice a word was studied in) than during item retrieval (e.g. retrieving whether a word 
was studied or not).  In order to explore the role of theta oscillations in top-down 
control of episodic retrieval, three experiments were performed.  Experiment 1 
examined theta power and long-range synchronization between frontal and parietal 
regions for source retrieval.  Experiment 2 examined theta power and long-range 
synchronization between frontal and parietal regions for item retrieval.  And 
Experiment 3 provided a within-experiment comparison between item and source 
retrieval as well as exploring the relationship between individual differences in 
 iv 
executive function updating and theta oscillations during episodic retrieval.  In 
Experiment 1 and Experiment 3, which included source retrieval, frontal theta power 
was greater for old than new words from 500-800 ms.  In all experiments, theta 
coherence was greater for old than new words and in Experiment 1 and Experiment 3, 
theta coherence was greater for incorrect than correct source judgments.  In addition, 
executive function updating positively correlated with discrimination for item and 
source retrieval and there was a marginal negative correlation between executive 
function updating tasks and theta coherence.  These results indicate that right frontal 
areas are engaged for source retrieval and that transient theta interactions in a fronto-
parietal-hippocampal network are involved in the monitoring of episodic memory.  In 
addition, the correlation with executive function updating indicates that monitoring the 
contents of working memory and monitoring the contents of long-term episodic 
memory retrieval engage similar executive control processes and that subjects who have 
better executive control are more efficient at monitoring the contents of episodic 
retrieval. 
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CHAPTER 1: 
GENERAL INTRODUCTION 
Much evidence has suggested that right prefrontal cortex (PFC) is involved in the 
top-down control of episodic memory retrieval (reviewed in Fletcher & Henson, 2001; 
reviewed in Rugg, Otten, & Henson, 2002; reviewed in Rugg & Wilding, 2000).  Left 
parietal cortex is also involved in episodic retrieval though its exact role is a matter of 
current debate (reviewed in Wagner, Shannon, Kahn, & Buckner, 2005).  In addition, 
executive function tasks correlate with episodic memory tasks indicating that they share 
executive control processes (Conway & Engle, 1994; Hedden & Yoon, 2006; Oberauer, 
2005; Rosen & Engle, 1997; Unsworth, 2007; Unsworth & Engle, 2007).  Recent evidence 
from recording the electrical activity of animals and humans suggest that theta 
oscillations are involved in episodic memory (reviewed in Nyhus & Curran, 2010).  
Specifically, it has been proposed that theta oscillations represent top-down control in 
episodic memory (Kahana, Seelig, & Madsen, 2001; Klimesch, 1996, 1999; Klimesch, 
Freunberger, & Sauseng, 2010; Klimesch, Freunberger, Sauseng, & Gruber, 2008; 
reviewed in Nyhus & Curran, 2010; Sauseng, Griesmayr, Freunberger, & Klimesch, 
2010).  The primary aim of this dissertation was to examine evidence for theta 
oscillations in top-down control of episodic retrieval.  In addition, we explored the 
relationship between individual differences in executive function updating and theta 
oscillations during episodic retrieval to determine whether they share executive control 
processes. 
2 
FRONTAL AND PARIETAL CORTEX AND TOP-DOWN CONTROL OF EPISODIC RETRIEVAL 
Episodic memory is a complex cognitive function that involves many interacting 
brain regions and allows us to store the content of experience that can be retrieved later.  
Recognition memory is a form of episodic memory in which items are studied and then 
have to be identified as studied or unstudied at retrieval.  A review of the recognition 
memory literature suggests that recognition memory is supported by two separate 
processes (reviewed in Yonelinas, 2002).  Whereas familiarity is more general and 
allows only for the recognition of an item without recall of specific information, 
recollection allows for the direct recall of information about items or episodes.  The 
neural correlates of episodic retrieval processes have been analyzed in multiple ways.  
Comparison of neural activity for correctly identified old items (hits) versus correctly 
identified new items (correct rejections) (the old/new effect) allows for the analysis of 
veridical memory.  One method of separating the contribution of familiarity and 
recollection is the study of item (e.g. retrieving whether a word was studied or 
unstudied) and source information (e.g. retrieving contextual information such as the 
gender of the voice a word was studied in).  Familiarity is related to item retrieval 
whereas recollection is often assumed to be needed for retrieval of source information.   
Frontal brain regions have been shown to be involved in recollecting specific 
details of the study episode and are therefore likely to be important for the top-down 
control of episodic retrieval (reviewed in Fletcher & Henson, 2001).  Patients with 
damage to the frontal cortex show a greater deficit in remembering the temporal context 
of studied information and source than item retrieval (reviewed in Milner & Petrides, 
1984; reviewed in Schacter, 1987).  In addition, functional magnetic resonance imaging 
(fMRI) studies frequently show greater activity in frontal brain regions for source than 
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item retrieval (reviewed in Mitchell & Johnson, 2009) and event-related potential (ERP) 
studies have shown greater differences between old and new items in right frontal 
channels in source retrieval tasks than in item retrieval tasks (Senkfor & Van Petten, 
1998; Van Petten, Senkfor, & Newberg, 2000; Wilding & Rugg, 1996). 
Episodic retrieval is a complex cognitive task and includes a number of 
component processes.  Although many studies have reported right PFC activity during 
episodic retrieval (reviewed in Fletcher, Frith, & Rugg, 1997), the exact role these brain 
regions play in top-down control of episodic retrieval has been debated.  It has been 
suggested that right PFC is involved in adopting a retrieval mode, retrieval success, or 
post-retrieval monitoring (reviewed in Fletcher & Henson, 2001; reviewed in Rugg, 
Otten, & Henson, 2002; reviewed in Rugg & Wilding, 2000).  Retrieval mode refers to 
adopting the goal of retrieving information during episodic memory tasks.  Retrieval 
success refers to accurately retrieving associated memory representations when a 
partial cue is presented at retrieval.  And post-retrieval monitoring refers to evaluating 
the contents of retrieved information in relation to the goals of the retrieval attempt.   
Several studies have shown evidence suggesting that right PFC is involved in 
post-retrieval monitoring (Henson, Rugg, Shallice, & Dolan, 2000; Henson, Shallice, & 
Dolan, 1999; Rugg, Henson, & Robb, 2003; Schacter, Buckner, Koutstaal, Dale, & Rosen, 
1997).  Post-retrieval monitoring is engaged when competing information is retrieved.  
Compared to recognition tasks that require subjects to make an old response to all 
studied items, some source tasks require subjects to respond old to items only seen in 
one of the encoding contexts (e.g., only respond “old” if that word had been previously 
presented in a female voice, but respond “new” if that word had been previously 
presented in a male voice or was not studied).  Therefore, these tasks require subjects to 
successfully recollect the study context and to overcome the familiarity for old words 
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from the excluded study context.  Two studies showed greater activity in right 
dorsolateral prefrontal cortex (DLPFC) when subjects had to respond old to items only 
from the right or left side of the screen or List 1 or List 2 at study (Henson, Shallice, & 
Dolan, 1999) or the right or left side of the screen or red or green at study (Rugg, 
Henson, & Robb, 2003) than a standard recognition task.  In a recognition task, 
monitoring should include the examination of the products of retrieval (is it relevant?) 
and decision processes related to the final judgment (is the information sufficient for me 
to respond that it was studied?).  These monitoring demands should be greater when 
decisions are uncertain, such as when decisions are close to the response criterion for 
judging whether an item was studied or not.  Two studies showed greater activity in 
right prefrontal brain regions for uncertain responses.  Henson, Rugg, and Shallice 
(2000) found greater activity in right DLPFC related to post-retrieval monitoring (low 
confidence>high confidence).  Schacter, Buckner, Koutstaal, Dale, & Rosen (1997) found 
greater activity in right prefrontal brain regions for false than veridical memories; 
activity was greater in a right anterior prefrontal region for unstudied, sematically 
related, words compared to studied words.   
Although fMRI provides good spatial resolution for localizing the top-down 
control of episodic retrieval, the electroencephalogram (EEG) provides good temporal 
resolution that can help distinguish retrieval mode, retrieval success, and post-retrieval 
monitoring.  Retrieval mode should be represented by sustained effects that occur 
throughout a task block.  Retrieval success should occur early in processing when 
memories are retrieved.  And post-retrieval monitoring should occur late in processing 
after retrieval attempts have been made.  A number of event related potential (ERP) 
studies have shown late (after 500 ms) right frontal differences between correctly 
recognized old and new items ("old/new effects") during source retrieval indicating 
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post-retrieval monitoring (reviewed in Allan, Wilding, & Rugg, 1998; Van Petten, 
Senkfor, & Newberg, 2000; Wilding, 1999; Wilding, Doyle, & Rugg, 1995; Wilding & 
Rugg, 1996).  In addition, as with fMRI studies reviewed above, monitoring is engaged 
when competing information is retrieved and when decisions are uncertain.  One study 
showed a right frontal ERP old/new effect in a source task when subjects had to 
respond old to old words spoken only with a male or female voice (Wilding & Rugg, 
1997).  In addition, Rugg, Allen, and Birch (Rugg, Allan, & Birch, 2000) found that the 
magnitude of a late (after 800 ms) right-frontal old/new effect was greater for items 
encoded shallowly than deeply.  And Cruse and Wilding (2009) found that the 
magnitude of a late (1100-1400 ms) right-frontal ERP old/new effect was correlated 
with the proportions of low confidence judgments that were made.  Therefore, ERP 
studies have provided valuable temporal information suggesting that right frontal areas 
are engaged for post-retrieval monitoring during episodic retrieval.   
In addition to right PFC, parietal brain regions have also been shown to be 
involved in episodic retrieval.  fMRI studies have consistently reported parietal activity 
during episodic retrieval (reviewed in Wagner, Shannon, Kahn, & Buckner, 2005).  In 
addition, ERP studies show a parietal old/new effect that is more positive for correctly 
classified old than new items (reviewed in Curran, Tepe, & Piatt, 2006; Rugg & Curran, 
2007).   
fMRI studies show mixed results on the role of parietal cortex in episodic 
retrieval (reviewed in Wagner, Shannon, Kahn, & Buckner, 2005).  Some studies have 
found left inferior parietal activity for source recognition (Dobbins, Foley, Schacter, & 
Wagner, 2002; Dobbins, Rice, Wagner, & Schacter, 2003) and greater old/new effects for 
source than item retrieval (Henson, Shallice, & Dolan, 1999) suggesting that left inferior 
parietal brain regions are related to retrieval mode.  Other studies have shown greater 
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activity in parietal brain regions for correct source judgments than incorrect source 
judgments (Dobbins, Rice, Wagner, & Schacter, 2003; Kahn, Davachi, & Wagner, 2004) 
indicating that left parietal brain regions are involved in retrieval success.  In addition, 
studies show greater left inferior parietal activity for hits and incorrectly identified old 
items (false alarms) compared to incorrectly identified new items (misses) and correct 
rejections indicating that parietal cortex is sensitive to perceived oldness (Kahn, 
Davachi, & Wagner, 2004; Wheeler & Buckner, 2003).   
The ERP parietal old/new effect is more positive for correctly classified old than 
new items between approximately 500 and 800 ms post-stimulus and reaches peak 
amplitude approximately 600 ms post-stimulus over parietal brain regions.  The ERP 
parietal old/new effect is thought to index recollection because it not only separates old 
from new items, but varies with the recollection of specific information from the study 
episode.  The ERP parietal old/new effect is greater with successful compared to 
unsuccessful source judgments (Senkfor & Van Petten, 1998; Wilding & Rugg, 1996). 
The ERP parietal old/new effect is also greater for studied words correctly judged as 
old compared to reversed plurality words incorrectly judged as old (Curran, 2000) and 
for studied pictures correctly judged as old compared to opposite orientation pictures 
incorrectly judged as old (Curran & Cleary, 2003). These results provide converging 
evidence using different task manipulations that the ERP parietal old/new effect 
indexes recollection (for further review see Curran, Tepe, & Piatt, 2006; Rugg & Curran, 
2007).   
Direct comparison of fMRI and ERP old/new effects indicate that the ERP 
parietal old/new effect reflects recollection sensitive areas of the lateral parietal cortex 
(Vilberg, Moosavi, & Rugg, 2006; Vilberg & Rugg, 2007, 2009; Woodruff, Hayama, & 
Rugg, 2006; Yonelinas, Otten, Shaw, & Rugg, 2005).  Although the neural source of the 
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ERP parietal old/new effect is likely in lateral parietal cortex there is some evidence 
that it is dependent on the functioning of the hippocampus.  In a patient with 
hippocampal damage, the ERP parietal old/new effect was greatly reduced compared 
to control subjects during recognition of studied words (Düzel, Vargha-Khadem, 
Heinze, & Mishkin, 2001).  Therefore, the ERP parietal old/new effect may be 
dependent on the functioning of the hippocampus, which is known to be important for 
episodic memory.  
In light of the disparate fMRI results, the contribution of the parietal cortex to 
episodic retrieval has been the focus of recent debate.  Three theories have been 
proposed for the role of parietal cortex in episodic retrieval (reviewed in Simons & 
Mayes, 2008; reviewed in Wagner, Shannon, Kahn, & Buckner, 2005).  First, it has been 
proposed that the parietal cortex acts as a mnemonic accumulator representing a 
memory strength signal guiding decisions.  Second, it has been proposed that the 
parietal cortex acts as the episodic buffer described by Baddley (2000).  The episodic 
buffer connects long-term memory with executive function operations by temporarily 
storing retrieved memories in a form accessible to decision making processes.  A third 
account posits that the parietal cortex is involved in attention to memory.  According to 
the dual attentional processes hypothesis the superior parietal cortex supports top-down 
attention to episodic retrieval, whereas the inferior parietal cortex supports bottom-up 
processes captured by episodic retrieval output.  
There are multiple distinct anatomical regions of parietal cortex that connect to 
other cortical regions that likely serve diverse functions in episodic retrieval (Nelson et 
al., 2010).  The most consistent parcellation of parietal cortex indicates that the 
precuneus acts as an episodic buffer, the inferior parietal cortex is involved in bottom-
up attention to episodic retrieval output, and the superior parietal cortex is involved in 
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top-down attention to episodic retrieval (reviewed in Simons & Mayes, 2008).  The 
parietal cortex has direct and indirect connections to the medial temporal lobe including 
the hippocampus and PFC.  Therefore, the parietal cortex could act as an interface 
between executive functions in PFC and long-term memory functions of medial 
temporal lobe structures (reviewed in Wagner, Shannon, Kahn, & Buckner, 2005). 
Combined, these results suggest that the parietal lobe is part of a frontal-parietal-
hippocampal network involved in episodic retrieval. 
INDIVIDUAL DIFFERENCES IN EXECUTIVE FUNCTION AND EPISODIC RETRIEVAL 
A more general consideration of prefrontal function will help situate prefrontal 
contributions to episodic memory.  It has been widely shown in clinical populations 
and in neuroimaging studies of normal populations that executive function tasks 
engage frontal brain regions (Kane & Engle, 2002).  In addition, individual differences 
in executive functioning has been shown to correlate with episodic retrieval; individuals 
with higher working memory capacity are, on average, better at retrieving information 
from episodic memory.  Specifically, working memory capacity correlates with long-
tem episodic retrieval when controlled retrieval is required.  Individuals with higher 
working memory capacity recalled more items, had fewer previous list intrusions, and 
were faster at a free recall task (Unsworth, 2007), were faster and more accurate at 
searching the contents of retrieved memories (Conway & Engle, 1994; Unsworth & 
Engle, 2007), and generated more names and more categories on a verbal fluency task in 
a single task but not under dual task conditions (Rosen & Engle, 1997).  In addition, 
Oberauer (2005) further specified the relationship between working memory capacity 
and episodic retrieval by showing, through two experiments and structural equation 
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modeling, that working memory correlates with recollection requiring the binding of 
item and context information such as objects and their spatial locations and words and 
the list they were studied in.  Combined, these results suggest that individual 
differences in executive function correlate with control of episodic retrieval.   
Individual differences research has shown that executive function is not a unitary 
construct but involves multiple components including; executive function updating, 
shifting, and inhibition (Miyake et al., 2000).  Shifting is described as switching back and 
forth between multiple tasks, operations, or mental sets.  Inhibition is described as 
stopping dominant, automatic, or prepotent responses when necessary.  And executive 
function updating is described as the monitoring of working memory representations, 
coding of incoming information for relevance to the task at hand, and appropriately 
revising the items held in working memory by replacing old, no longer relevant 
information with newer, more relevant information.  Therefore, episodic memory and 
executive function updating have similar monitoring operations.  Consistent with this 
idea, a number of studies suggest that the updating component of executive function is 
correlated with episodic retrieval.  Recent work showed that working memory span 
tasks and executive function updating tasks are strongly correlated (Ecker, 
Lewandowsky, Oberauer, & Chee, 2010; Schmiedek, Hildebrandt, Lovden, 
Lindenberger, & Wilhelm, 2009) indicating that they are measuring the same construct 
of executive function.  In a direct comparison of executive function updating and 
episodic retrieval, using structural equation modeling, Hedden and Yoon (2006) found 
that executive function updating correlated with recollection but not familiarity.  In 
addition, in fMRI studies the same brain regions of activation have been found for 
executive function updating and source memory.  Executive function updating has been 
found to activate regions of DLPFC, anterior frontal cortex, as well as in parietal cortex 
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(Collette & Van der Linden, 2002).  In a direct comparison of the n-back executive 
function updating task to source memory Marklund et al. (2007) found overlapping 
regions of sustained activity in DLPFC.   
NEURAL OSCILLATIONS IN EPISODIC MEMORY 
Research in cognitive neuroscience thus far has focused on the functional role of 
particular brain regions.  However, to perform the myriad of cognitive tasks that make 
us human it is recognized that particular brain regions do not work alone, but interact 
through complex and dynamic neural networks.  A major question currently faced by 
cognitive neuroscientists is: How do the functionally specialized brain areas interact to 
perform rich cognitive abilities (Başar & Schürmann, 2001; Miller & Wilson, 2008; 
Varela, Lachaux, Rodriguez, & Martinerie, 2001)?  Neural assemblies involve neurons 
with reciprocal connections that interact at different spatial scales.  Neurons in local 
populations process information whereas larger neural assemblies, including neurons 
connected across separate brain areas, combine multiple processes that are important 
for higher-level cognitive tasks.  Because cognitive demands change over time, we must 
not only look at slowly changing anatomical connections but also at quickly changing 
(transient) interactions between neural assemblies.  Both local and global neural 
assemblies can transiently interact with each other to perform immediate cognitive 
tasks.  Neural oscillations could allow for transient neural network interactions 
responsible for complex cognitive tasks.   
Fluctuations in postsynaptic potentials produce local oscillations.  In addition, 
oscillators in one brain region can phase synchronize with oscillators in another region 
through long-range connections.  A mechanism for interaction for both local 
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populations of neurons and large neural assemblies is through phase synchronization of 
oscillations.  As neurons oscillate, they effectively open and close their window to both 
send and receive information (Buzsáki & Draguhn, 2004; Womelsdorf et al., 2007).  For 
information to be transferred from one neuronal group to another, the sending neuron 
must be excitable at the same time that the receiving group is excitable.  This requires 
the coupling of oscillations between sending and receiving neurons through phase 
synchronization (Fries, 2005).  This pattern of neural interaction allows for efficient 
neural communication through the transient coupling of neurons firing synchronously 
forming functional neural networks.  It has been shown that the temporal coincidence 
of postsynaptic potentials has a greater impact on postsynaptic firing than non-
coincident firing (Salinas & Sejnowski, 2001).  In addition, this pattern of interaction 
causes precise timing of input and output from sending and receiving neurons (Mainen 
& Sejnowski, 1995).  Therefore, neurons must bundle their signal by firing together 
synchronously to effectively send their signal to a target neuron.  Neural assemblies 
interact at different temporal scales.  In local neural assemblies, with close connections 
between neurons, communication can happen during faster, higher frequencies.  In 
large-scale brain assemblies, with long-range connections between neurons, 
communication happens during slower, lower frequencies (Fries, 2005).  There is also 
evidence that different bands of activity can multiplex such that slower oscillations 
provide a framework for other faster oscillations to operate such that fast oscillations 
communicate content while slow oscillations mediate transient connectivity (Buzsáki & 
Draguhn, 2004; Fries, 2005; Varela, Lachaux, Rodriguez, & Martinerie, 2001; Ward, 
Doesburg, Kitajo, MacLean, & Roggeveen, 2006). 
Research has shown that synchronized neural firing can allow for the transient 
interaction between visual areas for visual perception.  It is proposed here that neural 
12 
oscillations not only allow for synchronized neural firing for the transient interaction 
between brain areas for perceptual tasks but also for complex cognitive tasks.  The 
following provides a general model of how neural oscillations can allow for 
synchronized neural firing for the transient interactions important for complex 
cognitive tasks.  During a cognitive task oscillations can allow for local neurons to fire 
synchronously at high frequencies to process information.  Multiple processes can then 
be combined through large-scale brain networks whose oscillations become phase 
synchronized causing neurons within these large-scale brain networks to fire 
synchronously.  Transient linking through synchronous firing provides a mechanism to 
amplify relevant processing (synchronously firing neurons) and filter out irrelevant 
neural firing (asynchronously firing noise).  When processing is complete, phase 
dysynchronization of oscillations can cause neurons to stop firing synchronously.  New 
brain networks whose oscillations become phase synchronized can then cause the same 
neurons to synchronously fire with other neurons to form a different neural assembly to 
perform a different cognitive task.  Therefore, oscillations provide a robust mechanism 
for neurons to effectively form transient neural networks depending on the demands of 
the present cognitive task.   
Neural oscillations have been linked to various cognitive phenomena in humans.  
There is not an exact mapping of oscillatory rhythms to specific cognitive processes.  
Instead neural oscillations in a specific frequency range in one brain region may 
function in one cognitive process and in another cognitive process in another brain 
region.  In addition, different neural oscillations can each function in a specific cognitive 
phenomenon (Başar, Başar-Eroglu, Karakaş, & Schürmann, 1999; Kahana, 2006; 
Klimesch, Freunberger, Sauseng, & Gruber, 2008).  Here the focus will be on theta 
rhythms because our comprehensive review (Nyhus & Curran, 2010) suggested a 
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functional role of theta (4-8 Hz) oscillations in episodic memory.  Gamma (25-100 Hz) 
and alpha rhythms have also been reported in studies of episodic memory but delta (1-4 
Hz) and beta rhythms (15 Hz) have not been consistently reported as being related to 
episodic memory.  Delta and beta rhythms have been reported in only a few studies 
(Düzel et al., 2003; Düzel, Neufang, & Heinze, 2005; Hanslmayr, Spitzer, & Bauml, 2009; 
Klimesch, Doppelmayr, Schwaiger, Winkler, & Gruber, 2000; Mormann et al., 2005; 
Sederberg, Schulze-Bonhage, Madsen, Bromfield, Litt et al., 2007; Sederberg, Schulze-
Bonhage, Madsen, Bromfield, McCarthy et al., 2007; Weiss & Rappelsberger, 2000), but 
do not always correlate with episodic memory (Doppelmayr, Klimesch, Schwaiger, 
Auinger, & Winkler, 1998; Hanslmayr, Spitzer, & Bauml, 2009; Klimesch, Doppelmayr, 
Yonelinas et al., 2001; Klimesch, Freunberger, Sauseng, & Gruber, 2008; Osipova et al., 
2006).   
Episodic memory is unique from semantic memory in that it stores contextual 
(spatial and temporal) information about individual events that can be later retrieved.  
In addition, episodic memories are robust to interference allowing us to store and 
retrieve separate but similar experiences.  Although episodic and semantic memories 
are distinct, separating the neural rhythms involved in semantic and episodic memory 
is often difficult because semantic memories may be originally encoded through 
episodic processes and episodic tasks often include semantically meaningful items and 
encoding of episodic memories may rely on semantic elaboration.  There is convincing 
evidence that different neural rhythms contribute to semantic and episodic memory.  
The alpha rhythm has been related to semantic memory because it consistently phase 
desynchronizes with the presentation of semantically related items (Klimesch, 1996, 
1999; Klimesch, Freunberger, Sauseng, & Gruber, 2008; Klimesch et al., 2004; Klimesch, 
Schimke, & Schwaiger, 1994; Klimesch, Vogt, & Doppelmayr, 2000; Mölle, Marshall, 
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Fehm, & Born, 2002).  Importantly, neural rhythms have been shown to dissociate when 
comparing semantic and episodic memory tasks.  For example, Klimesch (1999) 
reviewed a series of studies comparing alpha and theta modulations while subjects 
performed a semantic or episodic task.  In the semantic task subjects were given a 
concept prime (e.g.  eagle) and then a target feature (e.g.  claws) and they had to judge 
whether the target was semantically congruent with the prime.  In the episodic task 
subjects were given a concept and feature and they had to judge whether the 
concept/feature pair was previously shown at study.  Although alpha power was 
modulated in both the semantic and the episodic task, the largest alpha effects were a 
post-target decrease in alpha power for the semantic task.  In contrast to alpha power, 
there was a post-target increase in theta power only in the episodic task.  In addition, in 
a recognition task, Klimesch, Doppelmayr, Schimke, and Ripper (1997) found an 
increase in theta power and a decrease in alpha power for studied words.  And, in a 
recognition task, Burgess and Gruzelier (2000) found greater theta power for old than 
new words and faces after 250 ms post-stimlulus onset and greater alpha power for new 
than old words and faces after 750 ms post-stimulus onset.  Based on these results it has 
been argued that theta oscillations represent episodic retrieval whereas the alpha 
oscillations represent semantic processing (reviewed in Klimesch, Freunberger, 
Sauseng, & Gruber, 2008).  Klimesch (1999) posits that the theta rhythm likely involves 
the hippocampal-cortical network, whereas the alpha rhythm likely involves a cortical 
network.  Burgess and Gruzelier (2000) argued that hippocampally generated theta 
oscillations precede cortically generated alpha oscillations because at retrieval, when 
given a partial cue, the cortical-hippocampal network is needed to retrieve the rich 
details of an episodic memory.  In order to retrieve details of the study episode, first the 
hippocampus is activated (theta) which then reactivates the cortical network (alpha).    
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NEURAL MECHANISM OF THETA RHYTHMIC ACTIVITY 
To understand how theta oscillations contribute to episodic memory, it is 
essential to first consider the basic underlying neural mechanisms of rhythmic activity.  
The review of the animal literature includes studies using single or multi unit recording 
and local field potentials (LFPs).  Single and multi unit recording intracellularly 
represents the firing of action potentials whereas LFPs recorded extracellularly 
represents fluctuations in postsynaptic potentials.   
Studies using single unit and multi unit recording show that rhythmic firing can 
occur because of intrinsic firing patterns of excitatory principle cells or common input 
from a pacemaker like the thalamus.  More commonly in the cortex and the 
hippocampus rhythmic firing is an emergent property of interactions between 
excitatory principle cells and inhibitory interneurons (Whittington, Traub, Kopell, 
Ermentrout, & Buhl, 2000).  Rhythmic firing can happen at different spatial scales 
depending on the length of inhibitory interneuron to excitatory principle cell 
connections (Fries, 2005; Soltesz & Deschênes, 1993; Whittington, Traub, Kopell, 
Ermentrout, & Buhl, 2000) and at different temporal scales depending on the duration 
of inhibition (Buzsáki & Chrobak, 1995).  In addition, rhythmic firing at different 
frequencies can multiplex such that faster rhythms are modulated by and nested within 
slower rhythms (Bragin et al., 1995; Chrobak & Buzsáki, 1998; Csicsvari, Jamieson, Wise, 
& Buzsáki, 2003; Penttonen, Kamondi, Acsády, & Buzsáki, 1998; Soltesz & Deschênes, 
1993).   
In the cortex and hippocampus the collective activity of excitatory principle cells 
and inhibitory interneurons leads to neurons firing together and being inhibited 
together — creating rhythmic firing patterns (Buzsáki, 2006).  Activation of excitatory 
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principle cells leads to excitation of inhibitory interneurons.  Inhibitory interneurons 
then act to inhibit further excitation.  As inhibition wears off excitatory principle cells 
are free to fire again.  Excitatory principle cells and inhibitory interneurons are both 
important for the stable rhythmic firing patterns (Whittington, Traub, Kopell, 
Ermentrout, & Buhl, 2000).  Theta rhythmic firing occurs through the interaction of 
excitatory principle cells and slow stellate cell inhibitory interneurons (Dickson et al., 
2000; Rotstein et al., 2005) acting on slow Gamma-aminobutyric acid (GABAa) receptors 
(Banks, White, & Pearce, 2000; reviewed in Buzsáki, 2002; Cobb, Buhl, Halasy, Paulsen, 
& Somogyi, 1995; Soltesz & Deschênes, 1993).  It has been shown in the hippocampus 
that theta rhythms are more prevalent in further reaching areas through the activity of 
long-range interneuron to principle cell connections (Gloveli et al., 2005).   
EPISODIC MEMORY-RELATED THETA OSCILLATIONS IN ANIMALS 
In rabbits, cats, rats, and monkeys theta rhythms are prevalent in the cortex and 
the hippocampus (Green & Arduini, 1954; Robinson, 1980).  Theta rhythms are present 
during exposure to olfactory, auditory, visual, or somatosensory stimuli, and are 
especially strong for novel stimuli (Green & Arduini, 1954).  Theta rhythms within the 
hippocampus come from entorhinal and septal inputs and from inhibitory interneuron 
networks (Buzsáki, 2002; Buzsáki, Czopf, Kondákor, & Kellényi, 1986).  Theta rhythms 
in the cortex are volume conducted from the hippocampus and can indicate 
hippocampal function (Robinson, 1980).  It has been proposed that theta oscillations in 
the cortical-hippocampal network allow for the encoding of episodic memories 
(Buzsáki, 1989, 1996).  The animal literature has shown that theta oscillations influence 
the encoding of new episodic memories.  The positive peak of the LFP theta oscillation 
17 
causes depolarization which leads to the opening of N-methyl-D-aspartic acid (NMDA) 
channels causing calcium influx initiating the cascade of molecular processes for 
synaptic modification and memory formation (Huerta & Lisman, 1995).  A number of 
studies have shown that stimulating at theta frequency is optimal for the induction of 
LTP in dentate gyrus (Greenstein, Pavlides, & Winson, 1988) and CA1 neurons (Larson 
& Lynch, 1986; Larson, Wong, & Lynch, 1986; Rose & Dunwiddie, 1986) in the 
hippocampus.  In addition, studies have found LTP in dentate gyrus (Pavlides, 
Greenstein, Grudman, & Winson, 1988) and CA1 neurons (Hölscher, Anwyl, & Rowan, 
1997; Huerta & Lisman, 1995; Hyman, Wyble, Goyal, Rossi, & Hasselmo, 2003) in the 
hippocampus when stimulating at the positive peak of the theta oscillation and no effect 
or depotentiation of previously potentiated synapses when stimulating at the trough of 
the theta oscillation.  These results indicate that the firing of neurons at the peak of the 
theta oscillation is optimal for synaptic plasticity.   
The following studies used in vivo hippocampal preparations and behavioral 
measures to examine whether theta oscillations affect learning and performance on 
commonly used memory tasks.  The level of theta activity prior to training and during 
training positively correlated with the rate of acquisition on classical conditioning 
paradigms (reviewed in Berry & Seager, 2001).  In addition, lesioning the septum as 
well as pharmacologically blocking acetylcholine has been shown to decrease theta 
oscillations in the hippocampus and decrease the rate of acquisition on classical 
conditioning paradigms (reviewed in Berry & Seager, 2001).  Blocking theta oscillations 
by lesioning the septum has also been shown to decrease the rate of learning on a 
spatial maze task (Winson, 1978) whereas enhancing theta oscillations by 
pharmacologically blocking seratonin increased performance on a radial maze task 
(Stäubli & Xu, 1995).  In addition to affecting the rate of learning, hippocampal theta 
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activity positively correlated with rats performance on a Morris maze task (Olvera-
Cortés, Cervantes, & Gonzalez-Burgos, 2002) and theta oscillations were greater for 
correct non-matched compared to incorrect matched odors in a delay non-match to 
sample recognition memory task (Wiebe & Stäubli, 2001).  Combined, these studies 
show the presence of theta oscillations in the cortical-hippocampal network and 
indicate that theta oscillations are important for synaptic plasticity, learning, and 
performance on memory tasks.   
MEASURING NEURAL OSCILLATIONS IN HUMANS 
PHYSIOLOGICAL BASIS OF EEG AND MEG 
The review of the human literature includes studies using intracranial 
electroencephalography (iEEG) in patients with epilepsy and scalp 
electroencephopholgraphy (EEG) and magnetoencephalography (MEG) in normal 
subjects.  In order to critically assess the function of neural oscillations in human 
episodic memory studies one must first understand the underlying physiology and 
analysis methods employed in the EEG and MEG methodologies (Lounasmaa, 
Hamalainen, Hari, & Salmelin, 1996; Nunez & Srinivasan, 2005).  Like LFPs, iEEG 
recorded extracellularly represents fluctuations in postsynaptic potentials.  One 
advantage of EEG and MEG is that the physiological processes giving rise to the signal 
are known.  When a neuron is at rest, there are more negative ions outside the neuron 
than inside the neuron.  When a postsynaptic neuron is activated, extracellular positive 
ions enter the dendrite.  This causes a potential gradient of negative extracellar ions 
along the dendrite relative to positive extracellular ions along the soma and axon.  The 
separation of extracellular charges leads to an electrical dipole and a perpendicular 
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magnetic field.  The electrical and magnetic fields produced by a single neuron are too 
small to be recorded at the scalp.  Two conditions must be met in order for an electric or 
associated magnetic field to be recorded at the scalp.  First, a group of neurons must be 
symmetrically aligned to create an open electric field.  If neurons are radially or 
randomly oriented, a closed electric field will be produced in which the neurons' 
electric dipoles will cancel each other out.  Second, a group of neurons must be 
synchronously active to produce a strong electrical field to be externally recorded.  
Fortunately for episodic memory research, pyramidal cells, which make up 80% of the 
cortex and hippocampus, are symmetrically aligned making it possible to record their 
synchronous activity at the scalp.  Therefore, EEG and MEG measured externally 
represent the summed postsynaptic potentials of synchronously active regions of cortex 
and hippocampus that has spread through the brain, skull, and scalp. 
EEG AND MEG ANALYSIS METHODS 
In a standard experiment EEG or MEG is recorded while subjects are given a 
number of trials for multiple experimental conditions.  Analysis is performed by 
averaging the EEG or MEG signal across many trials in each experimental condition to 
produce the ERP or the event-related field (ERF).   Through the averaging method, the 
ERPs and ERFs represent oscillations that are both time-locked and phase-locked to the 
stimulus presentation.  But ERPs and ERFs exclude oscillations that occur on each trial 
that are correlated with the stimulus presentation but are not strictly time-locked nor 
phase-locked to stimulus presentation and can vary from trial to trial.  In order to 
include both types of oscillations, more sophisticated time-frequency analysis methods 
are employed (Makeig, Debener, Onton, & Delorme, 2004; Pfurtscheller & Lopes da 
Silva, 1999).     
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There are numerous methods for analyzing the time-frequency characteristics of 
EEG and MEG activity (Herrmann, Grigutsch, & Busch, 2004).  Traditional time-
frequency analysis used Fourier analysis to decompose the complex EEG or MEG 
waveform into its sinusoidal components.  Using fast Fourier transform (FFT) the EEG 
or MEG waveform is convolved with a sinusoid of a fixed length of a specific frequency 
within a small window.  The FFT method is not ideal for EEG or MEG analysis as it 
assumes that the signal is stationary which is not true for EEG or MEG, and it does not 
measure frequency over time.  There are many alternatives to FFT including; 
multitapers, the Hilbert transform, and wavelet analysis.  For each of these methods the 
EEG or MEG signal is convolved with a set of functions, specific to the method, to 
determine amplitude and phase angle for each frequency at each time-point in the 
signal.  The most popular of these methods for EEG and MEG analysis is wavelet 
analysis.  In wavelet analysis a sinusoid wave of a specific frequency is multiplied by a 
Gaussian envelope, creating a complex wavelet such as the Morlet wavelet.  The EEG or 
MEG signal is then convolved with multiple complex wavelets of different frequencies 
over time.  Because the time-frequency relation remains the same for all frequencies in 
the complex wavelet, the size of the window depends on the frequency used.  
Therefore, the temporal resolution is greater at higher frequencies.  Comparison of 
multitapers, the Hilbert transform, and wavelet anlaysis with EEG data have shown 
that the results of the Hilbert transform and wavelet analysis are similar (Le Van Quyen 
et al., 2001) and that multitapers have better frequency specificity whereas wavelets are 
better able to detect small amplitude oscillatory activity (van Vugt, Sederberg, & 
Kahana, 2007). 
Following the extraction of instantaneous power (amplitude squared) and phase 
angle for each frequency at each time-point, time-frequency analysis can be visualized 
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and analyzed in multiple ways.  Spectral power is calculated in each channel for each 
trial and then averaged across trials.  Average spectral power can then be compared 
across conditions.  This type of analysis is similar to and often provides converging 
evidence to standard ERPs or ERFs.  Phase locking can indicate the interaction of 
neurons whose activity is transiently synchronized.  Coherence is a measure of spectral 
covariance between two signals.  Coherence measures spectral correlation by 
considering both power and phase locking (Lachaux, Rodriguez, Martinerie, & Varela, 
1999; Makeig, Debener, Onton, & Delorme, 2004).   
EPISODIC MEMORY-RELATED THETA OSCILLATIONS IN HUMANS  
Neural oscillations have been linked to various cognitive phenomena in humans.  
There is not an exact mapping of oscillatory rhythms to specific cognitive processes.  
Instead neural oscillations in a specific frequency range in one brain region may 
function in one cognitive process and in another cognitive process in another brain 
region.  In addition, different neural oscillations can function in a specific cognitive 
phenomena (Başar, Başar-Eroglu, Karakaş, & Schürmann, 1999; Kahana, 2006; Klimesch, 
Freunberger, Sauseng, & Gruber, 2008).  Neural oscillations in the theta frequency have 
been found in cognitive tasks such as those used to investigate episodic memory 
(reviewed in Başar, Başar-Eroglu, Karakaş, & Schürmann, 1999; Bastiaansen & Hagoort, 
2003; Herrmann, Munk, & Engel, 2004; Jensen, Kaiser, & Lachaux, 2007; Kahana, 2006; 
Kahana, Seelig, & Madsen, 2001; Klimesch, 1996, 1999; Klimesch, Freunberger, & 
Sauseng, 2010; Klimesch, Freunberger, Sauseng, & Gruber, 2008; Sauseng, Griesmayr, 
Freunberger, & Klimesch, 2010).   
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THETA OSCILLATIONS DURING EPISODIC RETRIEVAL 
Theta power and theta synchronization between brain regions have been shown 
to increase during episodic retrieval.  A number of studies have found greater theta 
power for hits than correct rejections (Burgess & Gruzelier, 1997; Düzel et al., 2003; 
Düzel, Neufang, & Heinze, 2005; Klimesch, Doppelmayr, Schimke, & Ripper, 1997; 
Klimesch, Doppelmayr, Schwaiger, Winkler, & Gruber, 2000; Klimesch, Doppelmayr, 
Stadler et al., 2001; Mormann et al., 2005) and for good than poor memory performers at 
retrieval (Doppelmayr, Klimesch, Schwaiger, Auinger, & Winkler, 1998; Doppelmayr, 
Klimesch, Schwaiger, Stadler, & Röhm, 2000; Klimesch, Vogt, & Doppelmayr, 2000).  
Using MEG, Guderian and Duzel (2005) found greater induced theta power during 
retrieval for faces recollected with their background than faces not recollected with their 
background.  Theta power was localized to prefrontal, mediotemporal, and visual 
regions.  Using the remember/know paradigm Klimesch, Doppelmayr, Yonelinas, et al. 
(2001) found greater theta power for words given a “know” than a “remember” 
response at earlier time-points (300-450 ms) and greater theta power for words given a 
“remember” than a “know” response at later time-points (450-625 ms).  These studies 
suggest that theta power increases across widespread cortical areas contribute to the 
retrieval of episodic memories. 
HUMAN FRONTAL-HIPPOCAMPAL THETA OSCILLATIONS DURING EPISODIC RETRIEVAL 
In rats it has been shown that neural firing in the medial PFC, an analogue to the 
human DLPFC, phase locks to the hippocampal theta rhythm (Hyman, Zilli, Paley, & 
Hasselmo, 2005) and that medial prefrontal phase locking to the hippocampal theta 
rhythm relates to behavior on spatial maze tasks (Jones & Wilson, 2005; Siapas, 
Lubenov, & Wilson, 2005).  The human studies presented here suggest that theta 
23 
synchronization between frontal and posterior brain regions provides top-down control 
to modulate the retrieval of episodic memories.  Item memory studies have reported 
greater theta power in frontal scalp locations for old items compared to new items 
(Burgess & Gruzelier, 1997; Düzel, Neufang, & Heinze, 2005; Klimesch, Doppelmayr, 
Schimke, & Ripper, 1997).  And source memory studies have reported greater theta 
power in frontal and posterior scalp locations for old (irrespective of source accuracy) 
compared to new items (Mecklinger, Johansson, Parra, & Hanslmayr, 2007) and for 
correct than incorrect source judgments (Gruber, Tsivilis, Giabbiconi, & Müller, 2008; 
Guderian & Düzel, 2005).  Some of these studies report theta power increases over 
frontal scalp locations early (before 200 ms) (Burgess & Gruzelier, 1997; Klimesch, 
Doppelmayr, Schimke, & Ripper, 1997) supporting the role for theta oscillations in 
frontal top-down control to the hippocampus and posterior cortex for retrieval success.  
Some studies report theta power increases over frontal scalp locations (Burgess & 
Gruzelier, 1997; Klimesch, Doppelmayr, Schimke, & Ripper, 1997) and fronto-central 
scalp locations late (after 500 ms) (Gruber, Tsivilis, Giabbiconi, & Müller, 2008) 
supporting the role for theta oscillations in frontal top-down control to the 
hippocampus and posterior cortex for post-retrieval monitoring.  Therefore, in addition 
to the direct influences on retrieval of episodic memory representations, theta rhythms 
could be involved in top-down control from frontal cortex for the retrieval of episodic 
memories. 
AIMS OF THE PRESENT RESEARCH 
Many current models of brain function involve the interaction of different brain 
systems, but little research has addressed how the functionally specialized areas of the 
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brain interact to perform cognitive tasks.  The brain is made up of neural assemblies 
with reciprocal connections that connect local and long-distance brain regions to 
combine multiple processes that are important for higher-level cognitive tasks.  Since 
cognitive demands change over time there must be transient interactions between 
neurons to perform immediate cognitive tasks.  Neural oscillations could allow for 
transient network interactions in the brain responsible for complex cognitive tasks.   
Our comprehensive review (Nyhus & Curran, 2010) proposed that theta 
oscillations represent interactions between cortical structures and the hippocampus for 
the retrieval of episodic memories.  Specifically, theta oscillations could provide top-
down control from frontal cortex to the hippocampus for selective encoding and 
retrieval of episodic memories.  The overarching goal of this dissertation was to further 
understanding of the role of theta oscillations in the network dynamics involved in 
episodic retrieval.  Experiment 1 examined theta power and long-range theta 
synchronization between frontal and parietal brain regions for source retrieval.  
Experiment 2 examined theta power and long-range theta synchronization between 
frontal and parietal brain regions for item retrieval.  And Experiment 3 provided a 
within-experiment comparison between item and source retrieval as well as exploring 
the relationship between individual differences in executive function updating and 
theta during episodic retrieval.  It was predicted that if theta oscillations are involved in 
top-down control of episodic retrieval then there should be greater theta effects for 
source than item recognition.  And if theta oscillations are involved in retrieval success 
then theta effects should occur earlier and should be greater when source memory is 
correct than incorrect whereas if theta is involved in post-retrieval monitoring then 
theta effects should occur later and should be greater when source memory is incorrect 
than correct.  Finally, it was predicted that if theta oscillations are related to top-down 
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control of episodic retrieval then subjects' executive function updating performance 
should correlate with theta effects during source recognition. 
 
CHAPTER 2: 
EXPERIMENT 1 
Although previous studies have reported theta power increases in frontal and 
posterior scalp locations for retrieval of source information (Gruber, Tsivilis, 
Giabbiconi, & Müller, 2008; Guderian & Düzel, 2005; Mecklinger, Johansson, Parra, & 
Hanslmayr, 2007), no study has examined theta power in frontal and posterior brain regions 
and theta synchronization in frontal-posterior brain regions for source retrieval.   
Experiment 1 used a source recognition design (adapted from Kahn, Davachi, & 
Wagner, 2004) to examine how theta power in frontal and parietal brain regions and theta 
synchronization between frontal and parietal brain regions are modulated by source 
retrieval.  It has been shown that right frontal ERPs were greater when subjects had to 
decide which task (active/passive or pleasant/unpleasant) the item was studied in 
compared to when they had to decide the voice the word was studied in (male/female) 
(Wilding, 1999).  In addition, theta effects during source retrieval were greater when 
subjects had to decide which task (indoor/outdoor or approach/avoid) the item was 
studied in compared to when they had to decide the location of the studied item 
(Mecklinger, Johansson, Parra, & Hanslmayr, 2007).  To increase the likelihood of 
finding frontal theta effects we chose a source task that required subjects to decide 
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which task was used at study.  It was predicted that if theta oscillations are involved in 
top-down control of episodic retrieval then there should be theta power in frontal and 
parietal brain regions and theta synchronization between frontal and parietal brain 
regions during source recognition.  Specifically, it was predicted that if theta oscillations 
are involved in retrieval success then theta effects should occur earlier and should be 
greater when subjects remember the source correctly than incorrectly whereas if theta 
oscillations are involved in post-retrieval monitoring then theta effects should occur 
later and should be greater when subjects remember the source incorrectly than 
correctly.   
METHOD 
SUBJECTS 
Thirty-seven right-handed subjects participated in the experiment.  All subjects 
received payment for their participation.  All subjects gave informed consent.  Data 
from five subjects were discarded because of low accuracy (n=1), failure to complete 
both experimental sessions (n=3), and experimenter error (n=1).  Of the 32 subjects 
analyzed there were 17 male and 15 female subjects ranging from 19-29 years old.   
STIMULI 
Experimental stimuli consisted of 800 adjectives (e.g. dirty, happy).  15 additional 
adjectives were used for practice.  The words were common English adjectives roughly 
equated for word frequency (M=34.86, SD=86.96, range 0:1171) according to the Kucera 
and Francis (1967) word norms.  All adjectives were presented in upper case in white on 
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an LCD computer monitor on a black background subtending a visual angle of 
approximately 2.3°. 
DESIGN 
Memory status (old, new) and encoding task (place, read) were manipulated 
within subjects.  Subjects completed one study/test block in each of two sessions 
approximately two to five days apart.  Word lists were randomized across encoding 
task.  In each session subjects were presented with both encoding tasks randomly 
intermixed.  Test key assignments were counterbalanced across subjects. 
PROCEDURE 
In each session subjects were given instructions and then presented with a short 
practice study block.  Practice study blocks consisted of 10 study words.  After 
completing the practice study block subjects began the study block.     
For each study block subjects viewed 204 words.  Two words at the beginning 
and two words at the end of the list acted as primacy and recency buffers.  Half of the 
study words were presented and subjects created a mental image of a spatial scene 
described by the adjective (place task – e.g.  for “DIRTY”, the subject might imagine a 
messy room) and half of the study words were presented and subjects pronounced the 
word backwards to themselves (read task – e.g.  for “HAPPY”, the subject might say to 
themselves “IP-PAE”, see Figure 1 left).  After performing the encoding task, to 
strengthen the memory trace, subjects were asked to rate how successfully they 
performed each encoding task.  Using their index and middle finger of both hands, 
subjects pressed one of four buttons: 1, unsuccessful; 2, partially; 3, with effort; 4, with 
ease.  Each word was preceded by a 500 ms cue (Place/Read) indicating which 
encoding task to perform followed by 200 ms blank screen.  The adjective was then 
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presented for 500 ms followed by a 4000 ms fixation during which they performed the 
encoding task.  The fixation cross then changed to a question mark for 700 ms during 
which the subjects made their response (see Figure 1, left).   
After the study block subjects were fitted with the EEG sensor net and then 
presented with a short practice test block.  Practice test blocks consisted of 15 test 
words.  After completing the practice test block subjects began the test block.  The 
interval between the end of the study list and beginning of the test list was 
approximately 30 minutes.     
For each test block subjects viewed 480 words.  Two words at the beginning and 
two words at the end of each block acted as primacy and recency buffers.  Test sessions 
contained the 200 studied words intermixed with 200 new words.  Subjects were tested 
in blocks with 20 words at a time with a self-timed break in between.  Test trials 
included a variable duration (50-150 ms) fixation (+) followed by a test word.  Each test 
word was presented for 750 ms followed by a fixation (+) for 1750 ms.  Upon 
appearance of the test word subjects were able to respond.  Using their index and 
middle finger of one hand and their index finger of their other hand, subjects pressed 
one key for New, one key for Place, and one key for Read (see Figure 1, right).  Subjects 
took approximately 2 hours to complete the study/test block in each session. 
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Figure 1.  Timeline for the task (reprinted with permission from Kahn, 
Davachi, & Wagner, 2004). 
EEG METHOD 
During the testing phase of the experiment scalp voltages were collected with a 
128-channel HydroCel Geodesic Sensor NetTM connected to an AC-coupled, 128-
channel, high-input impedance amplifier (200MΩΩ, Net Amps TM, Electrical Geodesics 
Inc., Eugene, OR).  Amplified analog voltages (0.1-100 Hz bandpass) were digitized at 
250 Hz.  Individual sensors were adjusted until impedances were less than 50kΩΩ. 
EEGLab (Delorme & Makeig, 2004) is an open source MATLAB toolbox for 
analyzing EEG data.  EEGLab can be used to preprocess EEG data including filtering, 
re-referencing, segmenting the data in relation to stimulus and/or response events, and 
rejecting artifacts.  Importantly, EEGLab allows one to look at the oscillatory patterns 
underlying evoked and induced activity on a single trial basis.  Time-frequency analysis 
can be performed on channels.  Time-frequency analysis is used to determine amplitude 
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and phase angle for each frequency at each time-point in the signal.  EEGLab uses 
wavelet analysis in which a sinusoid wave of a specific frequency is multiplied by a 
Gaussian envelope, creating a complex Morlet wavelet.  The EEG signal is then 
convolved with multiple complex wavelets of different frequencies over time.  Average 
spectral power (amplitude squared) for each channel can be compared between 
conditions.  Phase coherence (phase consistency across trials) between channels can be 
used to compare the amount of synchronization between neural sources between 
conditions.   
The EEG was digitally high-pass filtered at 1 Hz and low-pass filtered at 100 Hz.  
EEG was measured with respect to a vertex reference (Cz), but an average-reference 
transformation was used to minimize the effects of reference-site activity and accurately 
estimate the scalp topography of the measured electrical fields (Dien, 1998).  EEG was 
segmented from 800 ms before the stimulus onset to 1500 ms after the stimulus onset in 
each condition.  Trials were discarded from analyses if they contained an average 
amplitude over 100 µV or if amplitude differences between any adjacent samples were 
over 50 µV.  Average spectral power changes relative to baseline in frontal and parietal 
channels were compared across conditions.  In addition, theta phase coherence between 
frontal and parietal channels was compared across conditions.   
RESULTS 
BEHAVIORAL RESULTS 
Recognition memory analyses were performed on item and source 
discrimination (d’) and response bias (c).  Item d’ and c was measured independently 
from source d’ and c as previous studies have done for source memory (Murnane & 
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Bayen, 1996; Slotnick & Dodson, 2005).  For the place and the read task an item hit was 
anytime a subject responded “Place” or “Read” to an old item, regardless of whether 
they classified the source correctly and an item false alarm (FA) was anytime a subject 
responded “Place” or “Read” to a new item.  A source hit was anytime a subject 
responded “Place” for an item studied in the place task and a source FA was anytime a 
subject responded “Place” for an item studied in the read task.  Item d’ and c were 
calculated by comparing old to new words for both the place and the read task (hit 
place task – FA and hit read task – FA) whereas source d’ was calculated for item hits 
only (hit place correct source – hit read incorrect source).  Assignment of the place vs. 
read tasks to hits vs. FAs for computing source d’ and c was completely arbitrary, and 
equivalent results would be obtained through the opposite assignment.   
Item d’ and c were compared with a task (place, read) repeated measures analysis 
of variance (ANOVA).  Item d’ was greater following the place than the read task 
(F(1,31)=103.38, MSE=.04, p<.01).  Item c was greater, or more conservative, following 
the read than the place task (F(1,31)=103.07, MSE=.01, p<.01) (see Table 1).   
Condition Place Read 
Hit .79 (.02) .63 (.02) 
FA .30 (.02) 
Item d' 1.44 (.11) .92 (.08) 
Item c -.13 (.05) .12 (.05) 
 
Table 1.  Item means with standard errors in parentheses for Experiment 1. 
Source d’ was significantly above chance (F(1,31)=52.57, MSE=.31, p<.01) and source c 
was close to zero, indicating no bias to choose one source more often than the other (see 
Table 2). 
Hit Place Correct Source .69 (.03) 
FA Read Incorrect Source .33 (.03) 
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Source d'  1.01 (.14) 
Source c   -.02 (.05) 
 
Table 2.  Source means with standard errors in parentheses for Experiment 1. 
Reaction Times (RTs) on only correct trials were analyzed first with a memory 
status (new, place, read) repeated measures ANOVA.  RTs were faster for new words 
than words following the place and the read tasks (F(2,62)=23.12, MSE=5812, p<.01) (see 
Table 3).   
Condition New Place Read 
RT 1329 (48) 1424 (46) 1452 (45) 
 
Table 3.  Item mean reaction times with standard errors in parentheses for 
Experiment 1. 
Second, RTs on only item-correct old trials were analyzed with a task x source 
accuracy (correct, incorrect) ANOVA.  RTs were faster for words following the place 
than the read task (F(1,31)=4.58, MSE=5611, p=.04) and were marginally faster for 
correct than incorrect source judgments (F(1,31)=3.28, MSE=11794, p=.08).  Task 
interacted with source accuracy such that RTs were faster for correct than incorrect 
source judgments for words following the place but not the read task (F(1,31)=5.09, 
MSE=10954, p=.03) (see Table 4).   
  Condition Place Read 
RT Correct Source 1386 (47) 1456 (47) 
  Incorrect Source 1462 (49) 1449 (47) 
 
Table 4.  Source mean reaction times with standard errors in parentheses for 
Experiment 1. 
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EEG RESULTS 
The selection of times and locations chosen for analyses was both theory driven 
and data driven.  fMRI studies suggest a role for right frontal areas (reviewed in 
Fletcher & Henson, 2001; Henson, Rugg, Shallice, & Dolan, 2000; Henson, Shallice, & 
Dolan, 1999; Rugg, Henson, & Robb, 2003; reviewed in Rugg, Otten, & Henson, 2002; 
reviewed in Rugg & Wilding, 2000; Schacter, Buckner, Koutstaal, Dale, & Rosen, 1997) 
in the top-down control of episodic retrieval and ERP studies show a late (>500 ms) 
right frontal old/new effect (reviewed in Allan, Wilding, & Rugg, 1998; Cruse & 
Wilding, 2009; Rugg & Wilding, 2000; Van Petten, Senkfor, & Newberg, 2000; Wilding, 
1999; Wilding, Doyle, & Rugg, 1995; Wilding & Rugg, 1996, 1997) related to top-down 
control of episodic retrieval.  In addition, fMRI studies suggest a role for parietal areas 
in the retrieval of episodic memories (Dobbins, Foley, Schacter, & Wagner, 2002; 
Dobbins, Rice, Wagner, & Schacter, 2003; Henson, Shallice, & Dolan, 1999; Kahn, 
Davachi, & Wagner, 2004; Wagner, Shannon, Kahn, & Buckner, 2005; Wheeler & 
Buckner, 2003; Yonelinas, Otten, Shaw, & Rugg, 2005) and ERP studies show a late (500-
800 ms) parietal old/new effect during retrieval of episodic memories (reviewed in 
Allan, Wilding, & Rugg, 1998; reviewed in Curran, 1999; Curran, 2000; Curran & Cleary, 
2003; Curran & Dien, 2003; Curran & Friedman, 2004; Curran, Tanaka, & Weiskopf, 
2002; D. Friedman, 2005; D. Friedman & Johnson, 2000; Mecklinger, 2000; Paller, Voss, & 
Boehm, 2007; Ranganath & Paller, 1999; Rugg, Allan, & Birch, 2000; Rugg & Curran, 
2007; Rugg et al., 1998; Schloerscheidt & Rugg, 2004; Senkfor & Van Petten, 1998; Van 
Petten, Senkfor, & Newberg, 2000; Wilding, 1999; Wilding, Doyle, & Rugg, 1995; 
Wilding & Rugg, 1996, 1997), especially over left parietal channels (reviewed in Allan, 
Wilding, & Rugg, 1998; Curran, Tepe, & Piatt, 2006; Rugg & Curran, 2007; Senkfor & 
Van Petten, 1998; Van Petten, Senkfor, & Newberg, 2000; Wilding, 1999; Wilding, Doyle, 
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& Rugg, 1995; Wilding & Rugg, 1996, 1997).  In addition, for all channels, frequencies, 
and time-points, the biggest effects that were consistent across all three experiments 
were over right frontal and left parietal channels in the theta frequency range between 
500-800 ms.  Therefore, right frontal (channel 1) and left parietal (channel 53) theta 
power at each channel and theta coherence between the channels from 500-800 ms on 
only correct trials were analyzed first with a memory status repeated measures 
ANOVA.   
Theta power in the right frontal channel was greater for words following the 
place and the read tasks than new words (F(2,62)=3.57, MSE=.40, p=.04). The difference 
between old and new words was significant following the place (F(1,31)=5.35, 
MSE=2.12, p=.03) and the read task (F(1,31)=5.37, MSE=2.13, p=.02).  Theta power did 
not differ between words following the place and the read tasks and new words in the 
left parietal channel (F(2,62)=2.20, MSE=.52) (see Figure 2 and Figure 7).   
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Figure 2.  Theta power across all channels from 500-800 ms.  Black circles 
mark the approximate locations of analyzed channels in right frontal (channel 
1) and left parietal (channel 53) brain regions.  Color scale: decibel change 
from pre-stimulus baseline. 
Theta coherence between right frontal and left parietal channels was greater for words 
following the place and the read tasks than new words (F(2,62)=3.63, MSE=.001, p=.04).  
The difference between old and new words was significant following the place  
(F(1,31)=6.60, MSE=.007, p=.01) and the read task (F(1,31)=3.95, MSE=.004, p=.05) (see 
Figure 3 and Figure 8).   
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Figure 3.  Theta coherence for all frequencies across one right frontal channel 
(channel 1) and one left parietal channel (channel 53).  Highlighted is theta 
coherence from 500-800 ms.  Color scale: magnitude of cross-coherence from 
0-1; 0 indicating absence of synchronization and 1 indicating perfect 
synchronization for each frequency at each time-point.  
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 Second, right frontal (channel 1) and left parietal (channel 53) theta power at each 
channel and theta coherence between the channels from 500-800 ms on only item-
correct old trials were analyzed with a task x source accuracy repeated measures 
ANOVA.  For the right frontal channel, theta power was marginally greater for the read 
task than the place task (F(1,31)=3.61, MSE=.99, p=.07).  Task interacted with source 
accuracy such that in the right frontal channel theta power was greater for correct than 
incorrect source judgments following the place task and incorrect than correct source 
judgments following the read task (F(1,31)=4.91, MSE=1.34, p=.03).  The difference 
between correct and incorrect source judgments was not significant following the place 
task (F(1,31)=.59, MSE=.80) (see Figure 4 and Figure 7).   
 
Figure 4.  Theta power across all channels from 500-800 ms.  Black circles 
mark the approximate locations of analyzed channels in right frontal (channel 
1) and left parietal (channel 53) brain regions.  Color scale: decibel change 
from pre-stimulus baseline. 
Place Correct Source      Place Incorrect Source  
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The difference between correct and incorrect source judgments was significant 
following the read task (F(1,31)=5.58, MSE=7.46, p=.02) (see Figure 5 and Figure 7).  
There were no source effects for theta power in the left parietal channel. 
 
 
 
 
 
 
 
 
Figure 5.  Theta power effects across all channels from 500-800 ms.  Black 
circles mark the approximate locations of analyzed channels in right frontal 
(channel 1) and left parietal (channel 53) brain regions.  Color scale: decibel 
change from pre-stimulus baseline. 
Theta coherence between right frontal and left parietal channels was greater for 
incorrect than correct source judgments (F(1,31)=10.59, MSE=.002, p<.01) (see Figure 6 
and Figure 8) . 
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Figure 6.  Theta coherence for all frequencies across one right frontal channel 
(channel 1) and one left parietal channel (channel 53).  Highlighted is theta 
coherence from 500-800 ms.  Color scale: magnitude of cross-coherence from 
0-1; 0 indicating absence of synchronization and 1 indicating perfect 
synchronization for each frequency at each time-point. 
Correct Source 
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Figure 7.  Mean theta power in one right frontal channel (channel 1) from 500-
800 ms.  Error bars are the standard error of the mean. 
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Figure 8.  Mean theta coherence across one right frontal channel (channel 1) 
and one left parietal channel (channel 53) from 500-800 ms.  Error bars are the 
standard error of the mean. 
 
In addition to theta effects, we explored other times and other frequencies.  For 
all channels, frequencies, and time-points, effects that were consistent across all three 
experiments were over frontal central channels in the alpha frequency range between 
700-900 ms.  Therefore, frontal central (channel 16) alpha power from 700-900 ms on 
only correct trials was analyzed first with a memory status repeated measures ANOVA.  
Alpha power was greater for new words than words following the place and the read 
tasks (F(2,62)=8.26, MSE=.34, p<.01).  The difference between old and new words was 
significant following the place (F(1,31)=12.75, MSE=4.30, p<.01) and the read task 
(F(1,31)=12.00, MSE=4.05, p<.01) (see Figure 9 and Figure 10).   
 
 
 
 
 
 
 
 
 
 
Figure 9.  Alpha power across all channels from 700-900 ms.  Black circles 
mark the approximate locations of analyzed channel in frontal central 
(channel 16) region.  Color scale: decibel change from pre-stimulus baseline. 
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Figure 10.  Mean alpha power in one frontal central channel (channel 16) from 
700-900 ms.  Error bars are the standard error of the mean. 
Second, frontal central (channel 16) alpha power from 700-900 ms on only item-
correct old trials was analyzed with a task x source accuracy repeated measures 
ANOVA.  There were no source effects for alpha power in the frontal central channel. 
DISCUSSION 
Item discrimination was greater following the place than the read task and 
source discrimination was above chance.  These results indicate that the subjects were 
better able to retrieve information following the place task because this task required 
encoding of more self-generated visuo-spatial information.  RTs were faster for new 
than old words.  Because of concurrent old/new and source judgment subjects were 
able to respond quickly to new words but responses to old words had to be withheld 
until a source decision was made.  For old words only, RT results were generally 
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consistent with accuracy in that conditions with higher accuracy had faster RTs.  RTs 
were faster following the place than the read task and were marginally faster for correct 
than incorrect source judgments. 
Theta effects were found in right frontal and left parietal areas between 500-800 
ms.  Right frontal theta power and right frontal-left parietal theta coherence was greater 
for old than new words.  These results indicate that frontal brain regions are engaged 
and interact with parietal brain regions when subjects are asked to retrieve specific 
source information.  For old words only, right frontal theta power was marginally 
greater following the read than the place task.  There was an interaction between task 
and source accuracy such that right frontal theta power was numerically greater 
following the place task for correct than incorrect source judgments and was greater for 
incorrect than correct source judgments following the read task.  Theta coherence 
between right frontal and left parietal channels was greater for incorrect than correct 
source judgments.  These results suggest that frontal-parietal theta coherence represents 
top-down control to retrieve source information.  Since theta coherence was greater for 
incorrect than correct source judgments, post-retrieval monitoring may be engaged 
more when source information is not readily retrieved.  In addition, frontal central 
alpha power between 700-900 ms was greater for new than old words.  These results 
could represent semantic repetition effects seen in previous studies (Burgess & 
Gruzelier, 2000; reviewed in Klimesch, 1999).   
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CHAPTER 3: 
EXPERIMENT 2 
Although previous studies have reported theta power increases in frontal and 
posterior scalp locations for retrieval of item information (Burgess & Gruzelier, 1997; 
Düzel et al., 2003; Düzel, Neufang, & Heinze, 2005; Klimesch, Doppelmayr, Schwaiger, 
Winkler, & Gruber, 2000; Klimesch, Doppelmayr, Stadler et al., 2001; Mormann et al., 
2005), no study has examined theta power in frontal and posterior brain regions and theta 
synchronization in frontal-posterior brain regions for item retrieval.  In Experiment 1 
there were theta differences between old and new words and between correct and 
incorrect source.  Neuroimaging studies frequently show greater activity in frontal 
brain regions for source than item retrieval (reviewed in Mitchell & Johnson, 2009).  
Mitchell and Johnson (2009) suggest that these effects occur because retrieving source 
information requires a more systematic evaluation of specific information than 
retrieving item information.  Therefore, the theta item old/new effects in Experiment 1 
may have been enhanced by requiring subjects to make more specific source judgments.   
Experiment 2 used an item recognition design to examine how theta power in 
frontal and parietal brain regions and theta synchronization between frontal and parietal 
brain regions is modulated by item retrieval.  It was predicted that if theta oscillations 
are involved in top-down control of episodic retrieval then there should be less theta 
power in frontal and parietal brain regions and theta synchronization between frontal and 
parietal brain regions during item recognition. 
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METHOD 
SUBJECTS 
Thirty-six right-handed subjects participated in the experiment.  All subjects 
were undergraduate students at the University of Colorado, Boulder receiving course 
credit for participation.  All subjects gave informed consent.  Data from four subjects 
were discarded because of excessive number of bad channels (n=1), excessive eye blinks 
(n=1), and failure to complete both experimental sessions (n=2).  Of the 32 subjects 
analyzed there were 18 male and 14 female subjects ranging from 18-26 years old.   
STIMULI, DESIGN, PROCEDURE 
The stimuli, design, and procedure were identical to Experiment 1 with one 
exception.  During the test phase, using their index finger of both hands, subjects 
pressed one key for Old and another for New.  Subjects took approximately 2 hours to 
complete the study/test block in each session. 
RESULTS 
BEHAVIORAL RESULTS 
Recognition memory analyses were performed on item d’ and response bias c.  
Item d’ and c were calculated by comparing old to new words for both the place and the 
read task (hit place task – FA and hit read task – FA). 
Item d’ and c were compared with a task repeated measures ANOVA.  Item d’ 
was greater following the place than the read task (F(1,31)=66.23, MSE=.04, p<.01).  Item 
c was greater, or more conservative, following the read than the place task 
(F(1,31)=66.28, MSE=.01, p<.01) (see Table 5).   
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Condition Place Read 
Hit .71 (.02) .59 (.02) 
FA .27 (.02) 
Item d' 1.24 (.08) .89 (.07) 
 Item c .04 (.05) .21 (.05) 
 
Table 5.  Item means with standard errors in parentheses for Experiment 2. 
RTs on only correct trials were analyzed with a memory status repeated 
measures ANOVA.  RTs were faster for words following the place and the read tasks 
than new words (F(2,62)=6.92, MSE=3738, p<.01) (see Table 6).   
Condition New Place Read 
RT 1160 (48) 1103 (45) 1132 (47) 
 
Table 6.  Item mean reaction times with standard errors in parentheses for 
Experiment 2. 
EEG RESULTS 
Right frontal (channel 1) and left parietal (channel 53) theta power at each 
channel and theta coherence between the channels from 500-800 ms on only correct 
trials were analyzed with a memory status repeated measures ANOVA.  Theta power 
did not differ between words following the place and the read tasks and new words in 
the right frontal (F(2,62)=1.83, MSE=.56) or the left parietal channel (F(2,62)=.60, 
MSE=.41) (see Figure 11).   
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Figure 11.  Theta power across all channels from 500-800 ms.  Black circles 
mark the approximate locations of analyzed channels in right frontal (channel 
1) and left parietal (channel 53) brain regions.  Color scale: decibel change 
from pre-stimulus baseline. 
Theta coherence between right frontal and left parietal channels was marginally greater 
for words following the place and the read tasks than new words (F(2,62)=2.78, 
MSE=.001, p=.07).  The difference between old and new words was significant following 
the place (F(1,31)=5.53, MSE=.004, p=.02) but not the read task (F(1,31)=1.08, MSE=.001) 
(see Figure 12 and Figure 13). 
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Figure 12.  Theta coherence for all frequencies across one right frontal channel 
(channel 1) and one left parietal channel (channel 53).  Highlighted is theta 
coherence from 500-800 ms.  Color scale: magnitude of cross-coherence from 
0-1; 0 indicating absence of synchronization and 1 indicating perfect 
synchronization for each frequency at each time-point. 
 
 
 
Place 
New 
Read 
49 
 
Figure 13.  Mean theta coherence across one right frontal channel (channel 1) 
and one left parietal channel (channel 53) from 500-800 ms.  Error bars are the 
standard error of the mean. 
Although theta power did not differ in right frontal (channel 1) and left parietal 
(channel 53) areas from 500-800 ms, there appeared to be old/new effects in frontal 
central (channel 15) and left parietal (channel 53) areas earlier.  Therefore, frontal central 
(channel 15) and left parietal (channel 53) theta power at each channel and theta 
coherence between the channels from 300-500 ms on only correct trials were analyzed 
with a memory status repeated measures ANOVA.  Right frontal theta power was 
greater for words following the place and the read tasks than new words (F(2,62)=3.97, 
MSE=.18, p=.02).  The difference between old and new words was significant following 
the place (F(1,31)=5.72, MSE=1.01, p=.02) and the read task (F(1,31)=6.19, MSE=1.10, 
p=.02).  Theta power did not differ between words following the place and the read 
tasks and new words in the left parietal channel (F(2,62)=1.81, MSE=.30).  Theta 
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coherence also did not differ between words following the place and the read tasks and 
new words in the left parietal channel (F(2,62)=1.74, MSE=.001) (see Figure 14 and 
Figure 15)1.   
 
 
 
 
 
 
 
 
 
Figure 14.  Theta power across all channels from 300-500 ms.  Black circles 
mark the approximate locations of analyzed channels in frontal central 
(channel 15) and left parietal (channel 53) brain regions.  Color scale: decibel 
change from pre-stimulus baseline. 
                                                
1 Similar analyses of frontal central (channel 15) and left parietal (channel 53) theta power at each channel 
and coherence between the channels from 300-500 ms were performed for Experiment 1 and Experiment 
3 but no results reached statistical significance. 
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Figure 15.  Mean theta power in frontal central (channel 15) region from 300-
500 ms.  Error bars are the standard error of the mean. 
In addition to theta effects, frontal central (channel 16) alpha power from 700-900 
ms on only correct trials was analyzed with a memory status repeated measures 
ANOVA.  Alpha power was greater for new words than words following the place and 
the read tasks (F(2,62)=4.24, MSE=.32, p=.02).  The difference between old and new 
words was significant following the place (F(1,31)=8.47, MSE=2.70, p<.01) but not the 
read task (F(1,31)=2.35, MSE=.75) (see Figure 16 and Figure 17).   
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Figure 16.  Alpha power across all channels from 700-900 ms.  Black circles 
mark the approximate locations of analyzed channel in frontal central 
(channel 16) region.  Color scale: decibel change from pre-stimulus baseline. 
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Figure 17.  Mean alpha power in frontal central (channel 16) region from 700-
900 ms.  Error bars are the standard error of the mean. 
DISCUSSION 
The behavioral results from Experiment 2 replicated the item discrimination and 
RT results from Experiment 1, with a few exceptions.  Comparing the behavioral results 
of Experiment 1 and Experiment 2, there was an interaction between experiment and 
task such that d’ differences were greater between Experiment 1 and Experiment 2 for 
the place than the read task (F(1,62)=5.99, MSE=.04, p=.02).  There was a trend such that 
d’ was numerically greater for the place task in Experiment 1 than Experiment 2.  
Therefore, these results suggest that, for the place task, item d’ was higher in the context 
of source than item retrieval.  Item RTs were faster for Experiment 2 than Experiment 1 
(F(1,62)=17.74, MSE=197421, p<.01) and for new words than words following the place 
and the read tasks (F(2,124)=7.87, MSE=4775, p<.01).  Experiment interacted with 
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memory status such that RTs were faster for new words than words following the place 
and the read tasks in Experiment 1 and faster for words following the place and the 
read tasks than new words in Experiment 2 (F(2,124)=25.67, MSE=4775, p<.01).  
Whereas in Experiment 1 responses to old words had to be withheld until a source 
decision was made, in Experiment 2 subjects only had to make old/new judgments and 
were able to respond quicker to old words.   
Although theta power did not differ in right frontal and left parietal areas from 
500-800 ms, theta power effects were found in frontal central areas between 300-500 ms.  
Frontal central theta power was greater for old than new words.  These results indicate 
that frontal areas are engaged when subjects are asked to retrieve item information.  
Because RTs were faster in Experiment 2 than Experiment 1, the earlier theta power 
differences in Experiment 2 could represent a familiarity signal that subjects were using 
to make their responses in the context of an item retrieval task.  Right frontal-left 
parietal theta coherence between 500-800 ms was marginally greater for old than new 
words.  These results indicate that right frontal brain regions interact with parietal brain 
regions when subjects are asked to retrieve item information.  In addition, frontal 
central alpha power between 700-900 ms was greater for new than old words.  As in 
Experiment 1 these results could represent semantic repetition effects seen in previous 
studies (Burgess & Gruzelier, 2000; reviewed in Klimesch, 1999).   
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CHAPTER 4: 
EXPERIMENT 3 
Although previous studies have shown increased theta power in frontal and 
posterior brain regions for retrieval of item (Burgess & Gruzelier, 1997; Düzel et al., 
2003; Düzel, Neufang, & Heinze, 2005; Klimesch, Doppelmayr, Schwaiger, Winkler, & 
Gruber, 2000; Klimesch, Doppelmayr, Stadler et al., 2001; Mormann et al., 2005) and 
source information (Gruber, Tsivilis, Giabbiconi, & Müller, 2008; Guderian & Düzel, 
2005; Mecklinger, Johansson, Parra, & Hanslmayr, 2007), no study has systematically 
compared theta effects for item memory vs. source memory. 
Experiment 3 used an item and a source recognition design to directly compare 
theta power in frontal and parietal brain regions and theta synchronization between 
frontal and parietal brain regions for item and source retrieval.  If theta oscillations 
represent top-down control in episodic memory (Kahana, Seelig, & Madsen, 2001; 
Klimesch, 1996, 1999; Klimesch, Freunberger, & Sauseng, 2010; Klimesch, Freunberger, 
Sauseng, & Gruber, 2008; Sauseng, Griesmayr, Freunberger, & Klimesch, 2010), then 
theta effects should be greater for source than item retrieval.  In addition, like in 
Experiment 1 it was predicted that if theta oscillations are involved in retrieval success 
then theta effects should occur earlier and should be greater when subjects remember 
the source correctly than incorrectly whereas if theta oscillations are involved in post-
retrieval monitoring then theta effects should occur later and should be greater when 
subjects remember the source incorrectly than correctly.   
It has been widely shown that executive function tasks engage frontal brain 
regions (Kane & Engle, 2002).  Individual differences in executive functioning have been 
shown to correlate with the control of episodic retrieval; individuals with higher 
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working memory capacity are, on average, better at retrieving information from 
episodic memory (Conway & Engle, 1994; Oberauer, 2005; Rosen & Engle, 1997; 
Unsworth, 2007; Unsworth & Engle, 2007).  In addition, individual differences research 
has shown that executive function is not a unitary construct but involves multiple 
components including; updating, shifting, and inhibition underlying executive function 
(Miyake et al., 2000).  It is likely that the updating component of executive function is 
correlated with episodic retrieval.  Recent work showed that working memory span 
tasks and executive function updating tasks are strongly correlated (Ecker, 
Lewandowsky, Oberauer, & Chee, 2010; Schmiedek, Hildebrandt, Lovden, 
Lindenberger, & Wilhelm, 2009).  In addition, executive function updating correlated 
with recollection but not familiarity (Hedden & Yoon, 2006).  And fMRI studies show 
the same regions of activation for executive function updating and source memory 
(Collette & Van der Linden, 2002; Marklund et al., 2007).  
Recently it has been suggested that using individual differences measures in 
combination with neurocognitive measures can inform cognitive theories by validating 
neuroimaging measures and by showing associations and dissociations between 
cognitive constructs (Vogel & Awh, 2008).  But little work has been done thus far in 
relating individual differences with neurocognitive measures.  Relating individual 
differences in executive function to theta oscillations during episodic retrieval is a novel 
way to demonstrate associations among constructs such as executive function and 
episodic retrieval.  In addition to providing a within-experiment comparison of item vs. 
source retrieval theta differences, Experiment 3 examined how theta power in frontal 
and parietal brain regions and theta synchronization between frontal and parietal brain 
regions during item and source retrieval correlate with individual differences in 
executive function updating.  Subjects performed the episodic retrieval tasks and three 
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commonly used executive function tasks.  In the keep track task subjects studied words 
from different categories and reported the last word presented for each target category.  
In the letter memory task subjects had to continually report the last four letters in a 
sequential string of letters.  And in the spatial 3-back task subjects indicated whether or 
not a highlighted square was the same as the one that was highlighted three squares 
back.  Therefore, in addition to theta being greater for source than item retrieval, it was 
predicted that if theta oscillations are related to top-down control of episodic retrieval 
then performance on executive function updating tasks should correlate with theta 
power in frontal and parietal brain regions or theta synchronization between frontal 
and parietal brain regions during source recognition. 
METHOD 
SUBJECTS 
Fifty-four right-handed subjects participated in the experiment.  Three subjects 
were undergraduate students at the University of Colorado, Boulder receiving course 
credit for participation.  Fifty-one subjects received payment for their participation.  All 
subjects gave informed consent.  Data from six subjects were discarded from all 
analyses because of low accuracy (n=1), failure to complete all experimental sessions 
(n=1), and experimenter error (n=4).  Of the 48 subjects analyzed there were 26 male 
and 22 female subjects ranging from 18-28 years old.   
STIMULI, DESIGN, PROCEDURE 
Subjects performed an item memory task and a source memory task in the first 
two sessions and the three executive function updating tasks in the third session. 
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Assignment of retrieval type to the first or second session was counterbalanced across 
subjects.  To control for state variability all subjects performed the three executive 
function updating tasks in the same order. 
EPISODIC MEMORY TASKS 
In Experiment 3, during the test phase, in one session subjects performed source 
retrieval as in Experiment 1 and in the other session subjects performed item retrieval as 
in Experiment 2.  Therefore, Experiment 3 was identical to Experiment 1 and 
Experiment 2 combined, with three exceptions.  First, because discrimination was lower 
in the read task in Experiment 1 and Experiment 2 and discrimination differences 
between Experiment 1 and Experiment 2 were greater for the place than the read task, 
to increase performance and the power of finding theta differences between item and 
source retrieval, for Experiment 3 we used the place task and a pleasantness task 
(Dobbins & Wagner, 2005).  Second, for item retrieval, using their index finger of both 
hands, subjects pressed one key for Old and another for New.  For source retrieval, 
using their index and middle finger of one hand and their index finger of their other 
hand, subjects pressed one key for Place, one key for Pleasantness, and one key for 
New.  Following their response, using their index and middle finger of one hand and 
their index finger of their other hand, subjects responded surely, likely, or maybe 
depending on how confident they were of their answer.  Third, responses for item 
retrieval, source retrieval, and confidence were self-paced.  Subjects took approximately 
2 hours to complete the study/test block in each session. 
EXECUTIVE FUNCTION UPDATING TASKS 
Subjects performed three executive function updating tasks to measure 
individual differences in executive function updating (adapted from N. P. Friedman et 
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al., 2008).   
Keep Track Task.  In the keep track task (adapted from Yntema, 1963) 
experimental stimuli consisted of 36 words, six each from six categories (animals, 
colors, countries, distances, metals, relatives).  All words were presented in black on an 
LCD computer monitor on a white background subtending a visual angle of 
approximately 2°.  In each trial, a list of two to five categories was displayed on the 
screen.  Then, subjects were presented with lists of 15-25 randomly ordered words, at 2 
sec/word.  The subjects’ task was to remember the last word presented for each target 
category and report them at the end of each trial.  Subjects were given instructions and 
then presented with a short practice block.  The practice block consisted of two trials 
with 15 words and two target categories each.  After practicing, subjects were given 
four trials each with two to five target categories.   
Letter Memory Task.  In the letter memory task (adapted from Morris & Jones, 
1990) experimental stimuli consisted of all consonants.  All letters were presented in 
upper case in black on an LCD computer monitor on a white background subtending a 
visual angle of approximately .4°.  Letters were sequentially presented on screen, at 3 
sec/letter.  The subjects’ task was to remember and say out loud the last four letters that 
were displayed each time a new letter was shown so that they had to constantly update 
their memory for the last four letters.  At the end of each trial, subjects reported the last 
four letters seen.  Subjects were given instructions and then presented with a short 
practice block.  The practice block consisted of three trials with seven to nine letters.  
After practicing, subjects were given 12 trials, four trials each with 9, 11, and 13 letters.  
Words were presented in random order with the following conditions; no  letters were 
repeated within a trial and familiar acronyms were avoided in sequential stimuli.   
Spatial 3-back Task.  In the spatial 3-back task experimental stimuli consisted of 12 
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squares fixed in random locations across the screen.  All squares were outlined in black 
on an LCD computer monitor on a white background subtending a visual angle of 
approximately 11.4°.  One square was highlighted at a time by making it solid black.  
The subjects’ task was to press the right button if the currently highlighted square was 
the same as the one that was highlighted three squares back and to press the left button 
if the currently highlighted square was not the same as the one that was highlighted 
three squares back.  Subjects were given instructions and then presented with a short 
practice block.  The practice block consisted of 20 highlighted squares.  After practicing, 
subjects were given six trials with 24 highlighted squares each.  Six squares out of the 
full 24 highlighted were 3-back matches; the rest were non-match trials.  Squares were 
highlighted for 500 ms followed by a 1500 ms response interval.  Subjects took 
approximately 45 minutes to complete the three executive function updating tasks. 
RESULTS 
BEHAVIORAL RESULTS: EPISODIC MEMORY 
Estimates of discrimination (d’) and response bias (c) used in Experiments 1 and 
2 assume that the memorability (or strength) distributions of old and new items have 
equal variance and are normally distributed, but these assumptions are not generally 
true for recognition experiments (Glanzer, Kim, Hilford, & Adams, 1999; Ratcliff, Sheu, 
& Gronlund, 1992).  Glanzer, Kim, Hilford, and Adams (1999) and Ratcliff, Sheu, and 
Gronlund (1992) report instances in which the slope of z-score transformed receiver 
operating characteristic (ROC) curves were less than one, indicating that for these 
recognition studies the underlying old and new distributions had unequal variances.  
Experiment 3 was designed to address these issues by having subjects make confidence ratings.  
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Confidence ratings allow for the extraction of ROC curves for more accurately 
measuring discrimination and response bias, without assuming that old and new 
strength distributions have equal variance.   
The slope of the z-score transformed ROC curve was less than 1 (s=.81), 
indicating that variance was greater for the old than new word distribution.  Therefore, 
recognition memory analyses were performed on item and source discrimination (da) 
and response bias (ca), which do not assume equal variance between the old and new 
word distributions.  Item da and ca were compared with a retrieval type (item, source) x 
task (place, pleasantness) x condition order (item retrieval first, source retrieval first) 
repeated measures ANOVA.  Item da was marginally greater following the pleasantness 
than the place task (F(1,46)=3.58, MSE=.05, p=.06).  Retrieval type interacted with 
condition order such that ca was greater, or more conservative, for source than item 
retrieval when item retrieval was first and was greater for item retrieval than source 
retrieval when source retrieval was first (F(1,46)=15.19, MSE=.27, p<.01) (see Table 7).   
  Condition Place Pleasantness 
Item Retrieval Hit .76 (.02) .77 (.02) 
 FA .26 (.02) 
 Item da 1.43 (.07) 1.49 (.07) 
  Item ca -.10 (.05) -.12 (.05) 
Source Retrieval Hit .78 (.02) .79 (.02) 
 FA .28 (.03) 
 Item da 1.43 (.07) 1.48 (.09) 
   Item ca -.07 (.05) -.09 (.05) 
 
Table 7.  Item means with standard errors in parentheses for item and source 
retrieval for Experiment 3. 
Souce da was significantly above chance (F(1,46)=128.23, MSE=.17, p<.01) and source ca 
was close to zero, indicating no bias to choose one source more often than the other (see 
Table 8). 
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Hit Pleasantness Correct Source .67 (.02) 
FA Place Incorrect Source .35 (.02) 
Source da  .96 (.08) 
Source ca   .02 (.04) 
 
Table 8.  Source means with standard errors in parentheses for source retrieval for 
Experiment 3. 
RTs on only correct trials were analyzed first with a retrieval type x memory 
status (new, place, pleasantness) x condition order repeated measures ANOVA.  RTs 
were faster for item than source retrieval (F(1,46)=71.05, MSE=365550, p<.01) and for 
new words than words following the place and pleasantness tasks (F(2,92)=13.71, 
MSE=46349, p<.01).  Retrieval type interacted with memory status such that RTs were 
faster for words following the place and the pleasantness task than new words for item 
retrieval and for new words than words following the place and the pleasantness task 
for source retrieval (F(2,92)=48.31, MSE=51445, p<.01).  In addition, there was a 
marginal interaction between retrieval type, memory status, and condition order such 
that for item retrieval, RTs were faster when subjects did item retrieval first 
(F(2,92)=2.79, MSE=51445, p=.09) (see Table 9).   
  Condition New Place Read 
Item Retrieval RT 1368 (55) 1230 (46) 1229 (46) 
Source Retrieval   1597 (80) 2005 (106) 2027 (110) 
 
Table 9.  Item mean reaction times with standard errors in parentheses for item 
and source retrieval for Experiment 3. 
Second, for source retrieval only, RTs on only item-correct old trials were 
analyzed with a task x source accuracy x condition order repeated measures ANOVA.  
RTs were faster for correct than incorrect source (F(1,46)=9.90, MSE=29420, p<.01).  In 
addition, there was an interaction between task, source accuracy, and condition order 
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such that RTs were faster for correct than incorrect source judgments except for the 
pleasantness task when source retrieval was first (F(1,46)=5.57, MSE=44911, p=.02) (see 
Table 10).   
  Condition Place Pleasantness 
RT Correct Source 1944 (101) 2010 (105) 
  Incorrect Source 2065 (114) 2045 (119) 
 
Table 10.  Source mean reaction times with standard errors in parentheses for 
source retrieval for Experiment 3. 
In addition to the behavioral analyses performed in Experiment 1 and 
Experiment 2, in Experiment 3 confidence was compared between conditions.  Average 
confidence was compared between conditions by assigning “maybe” responses a 1, 
“likely” responses a 2, and “surely” responses a 3.  Confidence on only correct trials 
was analyzed first with a retrieval type x memory status x condition order repeated 
measures ANOVA.  Confidence was higher for item than source retrieval 
(F(1,46)=25.91, MSE=.05, p<.01) and for words following the place and the pleasantness 
tasks than new words (F(2,92)=57.11, MSE=.05, p<.01).  Retrieval type interacted with 
memory status such that the difference between words following the place and the 
pleasantness tasks and new words was greater for item than source retrieval 
(F(2,92)=18.51, MSE=.02, p<.01) (see Table 11).  
  Condition New Place Pleasantness 
Item Retrieval Average Confidence 2.30 (.06) 2.70 (.03) 2.70 (.03) 
Source Retrieval   2.30 (.06) 2.50 (.03) 2.49 (.04) 
 
Table 11.  Item mean confidence with standard errors in parentheses for item and 
source retrieval for Experiment 3. 
Second, for source retrieval only, confidence on only item-correct old trials was 
analyzed with a task x source accuracy x condition order repeated measures ANOVA.  
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Confidence was higher for correct than incorrect source judgments (F(1,46)=81.83, 
MSE=.06, p<.01).  Task interacted with source accuracy such that the difference between 
correct source and incorrect source was greater following the place task than the 
pleasantness task (F(1,46)=23.27, MSE=.06, p<.01) (see Table 12). 
  Condition Place Pleasantness 
Average Confidence Correct Source 2.65 (.03) 2.51 (.04) 
  Incorrect Source 2.17 (.06) 2.36 (.05) 
 
Table 12.  Source mean confidence with standard errors in parentheses for source 
retrieval for Experiment 3. 
BEHAVIORAL RESULTS: EXECUTIVE FUNCTION UPDATING 
The measure of executive function updating for the keep track task was final 
recall accuracy weighted by the number of categories to remember for each trial.  The 
measure of executive function updating for the letter memory task was the proportion 
of letters recalled correctly weighted by the number of four-letter sequences to 
remember for each trial.  The measure for executive function updating for the spatial 3-
back task was average accuracy across all trials, regardless of trial type (match/non-
match).  Following N.  P.  Friedman et al. (2008) and Miyake et al. (2000) accuracy 
results from the three executive function updating tasks were arcsine transformed to 
improve normality.  Data was missing for two subjects, one for the keep track task and 
one for the spatial 3-back task.  Their data were replaced with the linear regression 
trend value for that point and used in all subsequent analyses.  There were no outliers 
(>3 SD of the mean for each task) in the three executive function updating tasks.  After 
arcsine transforming the data, each task showed acceptable skewness and kurtosis (see 
Table 13) .   
Task N  M (SD) Min Max Skewness Kurtosis Reliability 
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Keep Tracka 48 1.11 (.09) .90 1.29 -.23 -.31 .55 
  [80 (7)] [61] [93]    
Letter Memorya 48 1.09 (.19) .66 1.57 .45 .40 .94 
  [77 (14)] [38] [100]    
Spatial 3-backa 48 1.11 (.08) .93 1.32 .23 -.21 .74 
    [80 (6)] [65] [94]       
 
Table 13.  Descriptive statistics for executive function updating tasks for 
Experiment 3.  aAccuracy scores were arcsine transformed.  The raw proportion are 
in brackets.  b Internal reliability was calculated using Cronbach’s alpha.  M=mean; 
SD=Standard deviation; Min=minimum; Max=maximum. 
The three tasks were positively correlated suggesting that they tap a common executive 
function updating ability (see Table 14). 
Task Keep Track Letter Memory 
Keep Track -  
 Letter Memory .57 - 
Spatial 3-back .24 .13 
 
Table 14.  Correlations among the individual executive function updating 
tasks for Experiment 3.  Bold face: p<.05. 
EXECUTIVE FUNCTION UPDATING-EPISODIC MEMORY BEHAVIORAL CORRELATIONS 
Arcsine-transformed accuracy on each executive function updating task was 
correlated with episodic memory behavioral results for item and source episodic 
retrieval tasks.  Table 15 shows the correlations between arcsine-transformed accuracy 
on each executive function updating task and discrimination for item and source 
episodic retrieval tasks. 
  Task Keep Track Letter Memory Spatial 3-back 
Item Retrieval da Place .27 .26 .23 
 da Pleasantness .24 .26 .35 
Source Retrieval da Place .31 .26 .19 
 da Pleasantness .38 .28 .25 
  Source da .29 .25 .20 
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Table 15.  Correlations among arcsine-transformed accuracy on each 
executive function updating task and discrimination for item and source 
episodic retrieval tasks for Experiment 3.  Bold face: p<.05. 
Although the correlation between the spatial 3-back task and the other measures of 
executive function updating was lower than the correlation between the two non-spatial 
executive function updating tasks, as in previous studies (N. P. Friedman et al., 2008), 
the spatial 3-back task did correlate with item and source episodic retrieval tasks.  To 
account for idiosyncracies between tasks, to get a more pure measure of executive 
function updating the measures of executive function updating were aggregated by 
adding the z-scores for each subject for each of the three tasks.  Aggregate z-scores 
across executive function updating tasks were correlated with episodic memory 
behavioral results for item and source episodic retrieval tasks.  Table 16 shows the 
correlations between aggregate z-scores across executive function updating tasks and 
episodic memory discrimination for item and source episodic retrieval tasks.  
Comparisons between the correlation of the executive function updating tasks 
aggregate z-scores and item retrieval and executive function updating tasks aggregate 
z-scores and source retrieval taking into consideration the correlation between item and 
source retrieval yielded no significant differences.    
    Aggregate z-scores 
Item Retrieval da Place .35 
 da Pleasantness .39 
Source Retrieval da Place .34 
 da Pleasantness .41 
  Source da .34 
 
Table 16.  Correlations among aggregate z-scores across executive function 
updating tasks and episodic memory discrimination for item and source 
episodic retrieval tasks for Experiment 3.  Bold face: p<.05. 
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EEG RESULTS 
Right frontal (channel 1) and left parietal (channel 53) theta power at each 
channel and theta coherence between the channels from 500-800 ms on only correct 
trials were analyzed first with a retrieval type x memory status x condition order 
repeated measures ANOVA.  For the right frontal channel two outliers (theta power > 3 
SD of the mean for more than one condition) were removed from analyses.  Theta 
power results were similar for item and source retrieval for both frontal and parietal 
channels.  Right frontal theta power was marginally greater for words following the 
place and the pleasantness tasks than new words (F(2,88)=2.44, MSE=.67, p=.09).  The 
difference between old and new words was marginally significant following the place 
(F(1,44)=3.70, MSE=2.46, p=.06) and the pleasantness task (F(1,44)=3.61, MSE=2.40, 
p=.06).  In addition, there was an interaction between retrieval type, memory status, and 
condition order such that for item retrieval the difference between words following the 
place and the pleasantness tasks and new words was greater when source retrieval was 
first than when item retrieval was first (F(2,88)=5.56, MSE=.67, p<.01).  For item 
retrieval, there was a marginal interaction between memory status and condition order 
such that the difference between words following the place and the pleasantness tasks 
and new words was greater when subjects did source retrieval first (F(2,88)=2.97, 
MSE=.83, p=.06).  For item retrieval, words following the place and the pleasantness 
tasks were greater than new words for subjects doing source retrieval first (F(2,42)=5.10, 
MSE=.78, p=.01) but not for subjects doing item retrieval first (F(2,46)=.46, MSE=.91).  
Theta power did not differ between words following the place and the pleasantness 
tasks and new words in the left parietal channel (F(2,92)=.12, MSE=.71) (see Figure 18, 
Figure 19, Figure 20, and Figure 21).   
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Figure 18.  Item retrieval theta power across all channels from 500-800 ms.  
Black circles mark the approximate locations of analyzed channels in right 
frontal (channel 1) and left parietal (channel 53) brain regions.  Color scale: 
decibel change from pre-stimulus baseline. 
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Figure 19.  Item retrieval mean theta power in right frontal (channel 1) region 
fro00-800 ms.  Error bars are the standard error of the mean. 
 
 
 
 
 
 
 
Figure 20.  Source retrieval theta power across all channels from 500-800 ms.  
Black circles mark the approximate locations of analyzed channels in right 
frontal (channel 1) and left parietal (channel 53) brain regions.  Color scale: 
decibel change from pre-stimulus baseline. 
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Figure 21.  Source retrieval mean theta power in right frontal (channel 1) 
region from 500-800 ms.  Error bars are the standard error of the mean. 
Theta coherence between right frontal and left parietal channels was similar for item 
and source retrieval.  Theta coherence between right frontal and left parietal channels 
was greater for words following the place and the pleasantness tasks than new words 
(F(2,92)=9.47, MSE=.001, p<.01).  The difference between old and new words was 
significant following the place (F(1,46)=16.98, MSE=.02, p<.01) and the pleasantness task 
(F(1,46)=10.69, MSE=.02, p<.01) (see Figures 22, Figure 23, Figure 25, and Figure 26).   
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Figure 22.  Item retrieval theta coherence for all frequencies across one right 
frontal channel (channel 1) and one left parietal channel (channel 53).  
Highlighted is theta coherence from 500-800 ms.  Color scale: magnitude of 
cross-coherence from 0-1; 0 indicating absence of synchronization and 1 
indicating perfect synchronization for each frequency at each time-point. 
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Figure 23.  Source retrieval theta coherence for all frequencies across one right 
frontal channel (channel 1) and one left parietal channel (channel 53).  
Highlighted is theta coherence from 500-800 ms.  Color scale: magnitude of 
cross-coherence from 0-1; 0 indicating absence of synchronization and 1 
indicating perfect synchronization for each frequency at each time-point. 
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Second, for source retrieval only, right frontal (channel 1) and left parietal (channel 
53) theta power at each channel and theta coherence between the channels from 500-800 
ms on only item-correct old trials was analyzed with a task x source accuracy x 
condition order repeated measures ANOVA.  There were no source effects for theta 
power in the right frontal or the left parietal channel.  For coherence one subject had too 
few trials to calculate coherence and was removed from analyses.  Theta coherence 
between right frontal and left parietal channels was greater for incorrect than correct 
source judgments (F(1,45)=4.99, MSE=.003, p=.03) (see Figure 24 and Figure 26) . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Correct Source 
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Figure 24.  Source retrieval theta coherence for all frequencies across one right 
frontal channel (channel 1) and one left parietal channel (channel 53).  
Highlighted is theta coherence from 500-800 ms.  Color scale: magnitude of 
cross-coherence from 0-1; 0 indicating absence of synchronization and 1 
indicating perfect synchronization for each frequency at each time-point. 
 
Figure 25.  Item retrieval mean theta coherence across one right frontal 
channel (channel 1) and one left parietal channel (channel 53) from 500-800 
ms.  Error bars are the standard error of the mean. 
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Figure 26.  Source retrieval mean theta coherence across one right frontal 
channel (channel 1) and one left parietal channel (channel 53) from 500-800 
ms.  Error bars are the standard error of the mean. 
In addition to theta effects, frontal central (channel 16) alpha power from 700-900 
ms on only correct trials was analyzed first with a retrieval type x memory status x 
condition order repeated measures ANOVA.  Alpha power was greater for new words 
than words following the place and the pleasantness tasks (F(2,92)=6.61, MSE=.67, 
p<.01).  The difference between old and new words was significant following the place 
 (F(1,46)=11.73, MSE=7.83, p<.01) and the pleasantness task (F(1,46)=7.67, MSE=5.12, 
p<.01) (see Figure 27, Figure 28, Figure 29, and Figure 30).  Second, for source retrieval 
only, frontal central (channel 16) alpha power from 700-900 ms on only item-correct old 
trials was analyzed with a task x source accuracy x condition order repeated measures 
ANOVA.  There were no source effects for alpha power in the frontal central channel. 
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Figure 27.  Item retrieval alpha power across all channels from 700-900 ms.  
Black circles mark the approximate locations of analyzed channel in frontal 
central (channel 16) region.  Color scale: decibel change from pre-stimulus 
baseline. 
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Figure 28.  Item retrieval mean alpha power in frontal central (channel 16) 
region from 700-900 ms.  Error bars are the standard error of the mean. 
 
 
 
 
 
 
 
 
 
 
 
Figure 29.  Source retrieval alpha power across all channels from 700-900 ms.  
Black circles mark the approximate locations of analyzed channel in frontal 
central (channel 16) region.  Color scale: decibel change from pre-stimulus 
baseline. 
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Figure 30.  Source retrieval mean alpha power in frontal central (channel 16) 
region from 700-900 ms.  Error bars are the standard error of the mean. 
Because there were behavioral differences in confidence between conditions and 
in order to examine whether the EEG results were affected by confidence, follow-up 
analyses were performed on confidence responses.  Because there were not enough 
trials to compute reliable EEG within each confidence bin (see Table 17 and Table 18 for 
mean number of confidence responses), maybe and likely responses were collapsed into 
a low confidence category and likely and surely responses were collapsed into a high 
confidence category.  
  Condition New Place Pleasantness 
Item Retrieval Maybe 22.77 (3.46) 5.50 (.77) 5.44 (.71) 
 Likely  51.48 (4.07) 11.98 (1.22) 11.21 (1.22) 
 Surely  73.27 (7.25) 58.00 (2.33) 60.40 (2.44) 
Source Retrieval Maybe 23.46 (2.51) 8.17 (.80) 7.79 (.92) 
 Likely  46.85 (4.31) 23.00 (1.93) 24.88 (2.03) 
  Surely  73.52 (7.34) 46.54 (2.24) 46.15 (2.48) 
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Table 17.  Item mean number of confidence responses with standard errors in 
parentheses for item and source retrieval for Experiment 3.   
  Condition Place Pleasantness 
Correct Source Maybe 2.79 (.34) 4.73 (.68) 
 Likely  12.73 (1.30) 16.08 (1.46) 
 Surely  35.81 (1.92) 32.92 (2.47) 
Incorrect Source Maybe 5.38 (.60) 3.06 (.40) 
 Likely  10.27 (.94) 8.79 (.95) 
  Surely  10.73 (1.20) 13.23 (1.38) 
 
Table 18.  Source mean number of confidence responses with standard errors 
in parentheses for source retrieval for Experiment 3.  
All theta and alpha analyses were performed as described above on the low and high 
confidence categories separately.  For both the low and high confidence categories the 
pattern of results was similar to the results reported.  Although we could not directly 
compare the low and high confidence categories because they both included likely 
responses, theta power old/new effects appeared greater for the high than the low 
confidence category and the theta coherence correct/incorrect source effects appeared 
greater for the low than the high confidence category. 
EXECUTIVE FUNCTION UPDATING EPISODIC-MEMORY EEG CORRELATIONS 
Aggregate z-scores across executive function updating tasks were correlated 
with right frontal (channel 1) and left parietal (channel 53) theta power at each channel 
and theta coherence between the channels from 500-800 ms.  There was a marginal 
negative correlation between source aggregate z-scores across executive function 
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updating tasks and right frontal-left parietal theta coherence differences between 
incorrect and correct source judgments (r=-.24, p=.10) (see Figure 31). 2 
 
 
Figure 31.  Correlation between aggregate z-scores and source retrieval right 
frontal theta power differences between incorrect and correct source 
judgments. 
DISCUSSION 
The mixed design of Experiment 3 was employed to compare item and source 
retrieval, but there were no interactions found between retrieval type and old/new 
effects.  There are a number of results suggesting that by intermixing item and source 
                                                
2 For all three Experiments item discrimination and source discrimination were correlated with right 
frontal (channel 1) and left parietal (channel 53) theta power at each channel and coherence between the 
channels from 500-800 ms.  These correlations were not reliable across studies. 
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retrieval, subjects engaged in source retrieval during the item retrieval task.  Because 
the comparison of discrimination in the place task in Experiment 1 and Experiment 2 
suggested that item discrimination was higher in the context of source than item 
retrieval, differences in item discrimination for the place task were also explored for the 
purely item retrieval task (Experiment 2) and the mixed design (Experiment 3).  Item 
discrimination was marginally greater for the place task in Experiment 3 than 
Experiment 2 (F(1,68)=1.73, MSE=.04, p=.09).  Therefore, for the place task, item 
discrimination was greater in the context of the mixed item/source retrieval design than 
purely item retrieval.  In addition, there was a marginal interaction between retrieval 
type, memory status, and condition order such that for item retrieval, RTs were faster 
when subjects did item retrieval first.  When item retrieval was first, RTs appeared 
similar to the item retrieval RTs for Experiment 2; and when source retrieval was first, 
RTs appeared similar to the item retrieval RTs for Experiment 1.  In addition, for right 
frontal theta power between 500-800 ms, there was an interaction between retrieval 
type, memory status, and condition order such that for item retrieval, the difference 
between old and new words was greater when source retrieval was first than when 
item retrieval is first.  For item retrieval, there was a marginal interaction between 
memory status and condition order such that the difference between old and new 
words was greater when subjects did source retrieval first.  For item retrieval, right 
frontal theta power was greater for old than new words for subjects doing source 
retrieval first but not for subjects doing item retrieval first.  These results indicate that 
frontal areas are engaged more when subjects use source information as in Experiment 
1 and in the mixed design of Experiment 3, especially when source retrieval preceded 
item retrieval than when subjects were not using source information as in Experiment 2.   
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Overall these results suggest that subjects used source information during item 
retrieval. 
Item discrimination was marginally greater following the pleasantness than the 
place task and source discrimination was above chance.  It is likely that following the 
place task subjects were retrieving visuo-spatial information and following the 
pleasantness task subjects were retrieving semantic and self-referential information.  
For old words only RT results were consistent with accuracy in that conditions with 
higher accuracy had faster reaction times. Replicating Experiment 1, RTs were faster for 
correct than incorrect source judgments following both the place and the pleasantness 
task.  Performance on the three executive function updating tasks showed a similar 
range as those reported by Friedman et al. (2008) and Miyake et al. (2000), but the 
correlations among the tasks were lower than previously reported.  The aggregate z-
scores across executive function updating tasks were positively correlated with 
discrimination for item and source episodic retrieval tasks. 
Theta effects were found in right frontal and left parietal areas between 500-800 
ms.  Theta power results were similar for item and source retrieval for both frontal and 
parietal channels.  Replicating Experiment 1, right frontal theta power was marginally 
greater for old than new words.  These results indicate that frontal areas are engaged 
for source retrieval.  Replicating Experiment 1 and Experiment 2, right frontal-left 
parietal theta coherence was greater for old than new words.  These results indicate that 
right frontal brain regions interact with parietal brain regions when subjects are asked 
to retrieve source or item information.  Replicating Experiment 1, theta coherence 
between right frontal and left parietal channels was greater for incorrect than correct 
source judgments.  As in Experiment 1 these results suggest that frontal-parietal theta 
coherence represents top-down control to monitor source information.  Replicating 
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Experiment 1 and Experiment 2, frontal central alpha power between 700-900 ms was 
greater for new than old words.  As in Experiment 1 and Experiment 2 these results 
could represent semantic repetition effects seen in previous studies (Burgess & 
Gruzelier, 2000; reviewed in Klimesch, 1999; Klimesch, Doppelmayr, Schimke, & 
Ripper, 1997).  Follow-up analyses on high confidence responses revealed a similar 
pattern of results for both theta and alpha but theta power old/new effects appeared 
greater for the high than the low confidence category and the theta coherence 
correct/incorrect source effects appeared greater for the low than the high confidence 
category. 
In addition, there was a marginal negative correlation between source aggregate 
z-scores across executive function updating tasks and right frontal-left parietal theta 
coherence differences between incorrect and correct source judgments.  These results 
indicate that the better subjects are at executive function updating, the less they need to 
engage monitoring processes during episodic retrieval.  The lack of significant 
correlations among executive function updating and theta coherence on the episodic 
task is likely due to the low sample size of the current study.  
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CHAPTER 5: 
GENERAL DISCUSSION 
SUMMARY OF RESULTS 
The purpose of the present experiments was to examine theta power in frontal 
and parietal brain regions and theta synchronization in frontal-parietal brain regions for 
item and source retrieval.  In addition, Experiment 3 examined how theta power in 
frontal and parietal brain regions and theta synchronization between frontal and 
parietal brain regions during item and source retrieval correlate with individual 
differences in executive function updating.  In Experiment 1 and Experiment 2 item 
discrimination was greater following the place than the read task.  In Experiment 3 item 
discrimination was marginally greater following the pleasantness than the place task.  
In Experiment 1 and Experiment 3 source discrimination was above chance.  In 
addition, item RTs were faster in Experiment 2 than Experiment 1 and for item retrieval 
than source retrieval especially when subjects did item retrieval first in Experiment 3.  
In Experiment 1 and Experiment 3 RTs were also faster for correct than incorrect source 
judgments.  In addition, in Experiment 3 aggregate z-scores across executive function 
updating tasks were positively correlated with discrimination for item and source 
episodic retrieval tasks. 
In Experiment 1 and Experiment 3, which included source retrieval, right frontal 
theta power was greater for old than new words from 500-800 ms, but similar old/new 
effects were not found in Experiment 2 that involved only item retrieval or in 
Experiment 3 for item retrieval when subjects performed item retrieval first.  In 
Experiment 2, that involved only item retrieval, frontal central theta power was greater 
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for old than new words from 300-500 ms.  In all three experiments right frontal-left 
parietal theta coherence was greater for old than new words from 500-800 ms.  In 
Experiment 1 and Experiment 3, theta coherence between right frontal and left parietal 
channels was greater for incorrect than correct source judgments.  In all three 
experiments, frontal central alpha power between 700-900 ms was greater for new than 
old words.  In addition, in Experiment 3 there was a marginal negative correlation 
between aggregate z-scores across executive function updating tasks and right frontal-
left parietal theta coherence differences between incorrect and correct source judgments.   
THEORETICAL DISCUSSION 
 RIGHT FRONTAL AND LEFT PARIETAL THETA OSCILLATIONS IN EPISODIC RETRIEVAL 
The overarching goal of this dissertation was to further understanding of the role 
of theta oscillations in the network dynamics involved in episodic retrieval.  In 
Experiment 1 and Experiment 3, except for subjects doing item retrieval first, right 
frontal theta power was greater for old than new words from 500-800 ms and in 
Experiment 2 frontal central theta power was greater for old than new words from 300-
500 ms.  These results parallel RTs.  Item RTs were faster in Experiment 2 than 
Experiment 1 and for item retrieval than source retrieval especially when subjects did 
item retrieval first in Experiment 3.  Therefore, it is possible that the earlier theta power 
differences in Experiment 2 could represent a familiarity signal that subjects were using 
to make their responses in the context of a purely item retrieval task.  The theta power 
results are consistent with previous studies showing greater theta power for hits than 
correct rejections (Burgess & Gruzelier, 1997; Düzel et al., 2003; Düzel, Neufang, & 
Heinze, 2005; Klimesch, Doppelmayr, Schimke, & Ripper, 1997; Klimesch, Doppelmayr, 
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Schwaiger, Winkler, & Gruber, 2000; Klimesch, Doppelmayr, Stadler et al., 2001; 
Mecklinger, Johansson, Parra, & Hanslmayr, 2007; Mormann et al., 2005).  But right 
frontal theta power from 500-800 ms was not greater for correct than incorrect source 
judgments in Experiment 1 and Experiment 3.  These results are inconsistent with 
previous studies (Gruber, Tsivilis, Giabbiconi, & Müller, 2008; Guderian & Düzel, 2005) 
showing greater theta power for correct than incorrect source judgments but consistent 
with previous EEG and ERP studies showing old/new differences that did not 
distinguish source correct from incorrect items (reviewed in Allan, Wilding, & Rugg, 
1998; Mecklinger, Johansson, Parra, & Hanslmayr, 2007; Van Petten, Senkfor, & 
Newberg, 2000; Wilding, Doyle, & Rugg, 1995) indicating that similar processes are 
engaged when source is correctly and incorrectly retrieved.  
In addition to theta power effects, in all three experiments right frontal-left 
parietal theta coherence was greater for old than new words from 500-800 ms.  For 
source retrieval in Experiment 1 and Experiment 3, theta coherence between right 
frontal and left parietal channels was greater for incorrect than correct source 
judgments.  In addition, RTs were faster for correct than incorrect source judgments.  
The RT data indicate that whereas correct source judgments were made quickly, 
incorrect source judgments were made slowly.  Therefore, it is likely that incorrect 
source judgments were subjected to more extensive monitoring before a source decision 
was made.  These results are consistent with fMRI studies suggesting that right PFC is 
involved in post-retrieval monitoring (Cruse & Wilding, 2009; Henson, Rugg, Shallice, 
& Dolan, 2000; Henson, Shallice, & Dolan, 1999; Rugg, Allan, & Birch, 2000; Rugg, 
Henson, & Robb, 2003; Schacter, Buckner, Koutstaal, Dale, & Rosen, 1997).  Specifically, 
these results are consistent with previous fMRI studies showing post-retrieval 
monitoring in right prefrontal brain regions under conditions when decisions are 
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uncertain (Henson, Rugg, Shallice, & Dolan, 2000; Schacter, Buckner, Koutstaal, Dale, & 
Rosen, 1997).  These results are also consistent with ERP studies showing a late right 
frontal old/new effect (reviewed in Allan, Wilding, & Rugg, 1998; Rugg & Wilding, 
2000; Van Petten, Senkfor, & Newberg, 2000; Wilding, 1999; Wilding, Doyle, & Rugg, 
1995; Wilding & Rugg, 1996, 1997) also related to conditions of uncertainty (Cruse & 
Wilding, 2009; Rugg, Allan, & Birch, 2000).   
In addition, these results are consistent with fMRI studies showing activity in 
parietal cortex during episodic retrieval (Dobbins, Foley, Schacter, & Wagner, 2002; 
Dobbins, Rice, Wagner, & Schacter, 2003; Henson, Shallice, & Dolan, 1999; Kahn, 
Davachi, & Wagner, 2004; reviewed in Wagner, Shannon, Kahn, & Buckner, 2005; 
Wheeler & Buckner, 2003) and ERP studies showing a late parietal old/new effect 
during retrieval of episodic memories (reviewed in Allan, Wilding, & Rugg, 1998; 
Curran, 1999, 2000; Curran & Cleary, 2003; Curran & Dien, 2003; Curran & Friedman, 
2004; Curran, Tanaka, & Weiskopf, 2002; D. Friedman, 2005; D. Friedman & Johnson, 
2000; Mecklinger, 2000; Paller, Voss, & Boehm, 2007; Ranganath & Paller, 1999; Rugg, 
Allan, & Birch, 2000; Rugg & Curran, 2007; Rugg et al., 1998; Schloerscheidt & Rugg, 
2004; Senkfor & Van Petten, 1998; Van Petten, Senkfor, & Newberg, 2000; Wilding, 1999; 
Wilding, Doyle, & Rugg, 1995; Wilding & Rugg, 1996, 1997), especially over left parietal 
channels (reviewed in Allan, Wilding, & Rugg, 1998; Curran, Tepe, & Piatt, 2006; Rugg 
& Curran, 2007; Senkfor & Van Petten, 1998; Van Petten, Senkfor, & Newberg, 2000; 
Wilding, 1999; Wilding, Doyle, & Rugg, 1995; Wilding & Rugg, 1996, 1997).  Therefore, 
fMRI evidence suggests that the right PFC is involved in post-retrieval monitoring but, 
based on mixed fMRI results and anatomic distinctions, the parietal cortex most likely 
performs multiple memory functions.   
The present results are the first to show theta coherence effects during episodic 
88 
retrieval related to post-retrieval monitoring.  These results support the idea that theta 
oscillations are involved in the top-down control of episodic memory (Kahana, Seelig, & 
Madsen, 2001; Klimesch, 1996, 1999; Klimesch, Freunberger, & Sauseng, 2010; Klimesch, 
Freunberger, Sauseng, & Gruber, 2008; Nyhus & Curran, 2010; Sauseng, Griesmayr, 
Freunberger, & Klimesch, 2010).  In addition, these results suggest that frontal cortex 
does not act alone but in concert with the parietal cortex for post-retrieval monitoring.  
Although the present results do not distinguish between regions of frontal or parietal 
cortex, they do contribute to understanding the transient network interactions involved 
in episodic retrieval.  The parietal cortex has connections to medial temporal lobe 
including the hippocampus and PFC.  Although direct comparison of fMRI and EEG 
suggests that the neural source of the ERP parietal old/new effect is likely in lateral 
parietal cortex (Vilberg, Moosavi, & Rugg, 2006; Vilberg & Rugg, 2007, 2009; Woodruff, 
Hayama, & Rugg, 2006; Yonelinas, Otten, Shaw, & Rugg, 2005), there is some evidence 
that it is dependent on the functioning of the hippocampus.  In a patient with 
hippocampal damage, the ERP parietal old/new effect was greatly reduced compared 
to control subjects during recognition of studied words (Düzel, Vargha-Khadem, 
Heinze, & Mishkin, 2001).  Therefore, the ERP parietal old/new effect is dependent on 
the functioning of the hippocampus, which is known to be important for episodic 
memory.  These results, combined with the prevalence of theta generators in the 
hippocampus that volume conduct to the cortex (Green & Arduini, 1954; Robinson, 
1980) indicate a frontal-parietal-hippocampal network involved in post-retrieval 
monitoring.  
The present results were largest between 500-800 ms but appeared to extend 
beyond 800 ms.  The timing of these results are consistent with previous ERP studies 
showing late right frontal ERP effects starting at 500 ms and extending out to past 1000 
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(reviewed in Allan, Wilding, & Rugg, 1998; Cruse & Wilding, 2009; Van Petten, Senkfor, 
& Newberg, 2000; Wilding, 1999; Wilding, Doyle, & Rugg, 1995; Wilding & Rugg, 1996, 
1997) and parietal old/new effects from approximately 500 to 800 ms (Curran, 2000; 
Curran & Cleary, 2003; reviewed in Curran, Tepe, & Piatt, 2006; reviewed in Rugg & 
Curran, 2007; Senkfor & Van Petten, 1998; Wilding & Rugg, 1996).  The fact that the 
present results onset at similar times to both right frontal and left parietal old/new 
effects suggests that “post-retrieval” monitoring is initiated before retrieval is complete 
and works in parallel with retrieval operations.   
ALPHA OSCILLATIONS AND SEMANTIC MEMORY 
In all three experiments, frontal central alpha power between 700-900 ms was 
greater for new than old words.  These results are consistent with previous results 
showing decreased alpha power with the presentation of semantically related items 
(Klimesch, 1996, 1999; Klimesch, Freunberger, Sauseng, & Gruber, 2008; Klimesch et al., 
2004; Klimesch, Schimke, & Schwaiger, 1994; Klimesch, Vogt, & Doppelmayr, 2000; 
Mölle, Marshall, Fehm, & Born, 2002).  Specifically, these results are similar to Klimesch, 
Doppelmayr, Schimke, and Ripper (1997) who found an increase in theta power and a 
decrease in alpha power for studied words and a striking resemblance to Burgess and 
Gruzelier (2000) who found greater alpha power for new than old words and faces after 
750 ms post-stimulus onset.  Based on these results it has been argued that theta 
oscillations represent episodic retrieval whereas alpha oscillations represent semantic 
processing (reviewed in Klimesch, Freunberger, Sauseng, & Gruber, 2008).  In addition, 
the earlier window for theta (500-800 ms) than alpha (700-900 ms) is consistent with 
Burgess and Gruzelier (2000) who argued that hippocampally generated theta 
oscillations precede cortically generated alpha oscillations because at retrieval, first the 
90 
hippocampus is activated (theta) which then reactivates the cortex (alpha).  Therefore, 
the present alpha results are interpreted as representing semantic repetition for old 
words. 
INDIVIDUAL DIFFERENCES IN EXECUTIVE FUNCTION AND EPISODIC RETRIEVAL  
Recently it has been suggested that using individual differences measures in 
combination with neurocognitive measures can inform cognitive theories by showing 
associations and dissociations between cognitive constructs and by validating 
neuroimaging measures (Vogel & Awh, 2008).  In addition to exploring theta 
oscillations in episodic retrieval, Experiment 3 explored the relationship between 
individual differences in executive function updating and episodic memory behavioral 
and EEG results.  For the episodic behavioral results, individual differences in executive 
function updating positively correlated with discrimination for item and source 
retrieval in the episodic memory task.  These results are consistent with previous 
research showing individual differences in executive functioning correlating with the 
control of episodic retrieval (Conway & Engle, 1994; Hedden & Yoon, 2006; Oberauer, 
2005; Rosen & Engle, 1997; Unsworth, 2007; Unsworth & Engle, 2007).  Therefore, 
Experiment 3 adds to a limited literature on the correlation between executive function 
measures and episodic memory performance.  The behavioral correlations indicate that 
executive function updating and episodic retrieval engage similar executive control 
processes.  For the episodic EEG results, individual differences in executive function 
updating marginally negatively correlated with right frontal-left parietal theta 
coherence differences between incorrect and correct source judgments.  These results 
are the first piece of evidence suggesting that subjects who are better at executive 
function updating show less engagement of monitoring processes during episodic 
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retrieval.  The EEG correlations indicate that theta coherence between right frontal and 
left parietal brain regions is related to post-retrieval monitoring.  In addition, subjects 
who are better at executive function updating show less engagement of monitoring 
processes suggesting that these subjects are more efficient at monitoring the contents of 
episodic retrieval.   
These results are also consistent with fMRI studies showing shared neural 
structures for executive function updating and source memory.  Executive function 
updating has been found to activate regions in the DLPFC, anterior frontal cortex, as 
well as in parietal cortex (Collette & Van der Linden, 2002).  In addition, source retrieval 
engages right DLPFC (Henson, Rugg, Shallice, & Dolan, 2000; Henson, Shallice, & 
Dolan, 1999; Rugg, Henson, & Robb, 2003) and left parietal brain regions (Dobbins, 
Foley, Schacter, & Wagner, 2002; Dobbins, Rice, Wagner, & Schacter, 2003; Henson, 
Shallice, & Dolan, 1999).  In a direct comparison of the n-back executive function 
updating task to source memory Marklund et al. (2007) found overlapping regions of 
sustained activity in DLPFC.  Therefore, it is likely that right DLPFC and left parietal 
cortex contribute to executive function updating, episodic retrieval monitoring, and are 
the source of the present theta results.   
LIMITATIONS AND FUTURE DIRECTIONS 
Although theta power effects occurred later in Experiment 1 and Experiment 3 
that included source retrieval and earlier for Experiment 2 that only had item retrieval, 
there were no interactions found between retrieval type and old/new effects.  These 
results are inconsistent with previous studies showing that patients with damage to the 
frontal cortex show a greater deficit in source than item retrieval (reviewed in Milner & 
Petrides, 1984; reviewed in Schacter, 1987) and fMRI (reviewed in Mitchell & Johnson, 
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2009), and ERP studies (Senkfor & Van Petten, 1998; Van Petten, Senkfor, & Newberg, 
2000; Wilding & Rugg, 1996) showing greater frontal activity for source than item 
retrieval.  The following contributing factors may have led to decreased power to find 
old/new differences between item and source retrieval.  In all three experiments it is 
likely that subjects used source information at test because they had studied words in 
both tasks and could use source information later at test to make an old judgment.  In 
addition, it is more likely that subjects used source information during item retrieval in 
Experiment 3 that combined item and source retrieval.  Discrimination would be higher 
if subjects were using source information during item retrieval.  Comparisons for the 
place task that was used in all three experiments showed that discrimination was 
numerically greater for the place task in Experiment 1 than Experiment 2 and was 
marginally greater for the place task in Experiment 3 than Experiment 2.  These results 
suggest that subjects were using source information in Experiment 3 even during item 
retrieval.  In Experiment 3, for item retrieval, RTs were faster when subjects did item 
retrieval first.  When item retrieval was first RTs appeared similar to the item retrieval 
RTs for Experiment 2 and when source retrieval was first RTs appeared similar to the 
item retrieval RTs for Experiment 1.  In Experiment 3 item retrieval right frontal theta 
power old/new effects from 500-800 ms, similar to those observed for source retrieval 
in Experiment 1, were marginally greater when subjects did source retrieval first.  For 
item retrieval, there was a marginal interaction between memory status and condition 
order such that the difference between old and new words was greater when subjects 
did source retrieval first.  For item retrieval, right frontal theta power was greater for 
old than new words for subjects doing source retrieval first but not for subjects doing 
item retrieval first.  Combined, these results suggest that subjects were using source 
information during item retrieval in the context of the mixed item/source retrieval 
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design of Experiment 3.  In order to increase power for finding old/new differences 
between item and source retrieval future studies should compare source retrieval to a 
purely item retrieval task that does not require subjects to make task judgments at 
study.  In addition, in a within-subjects comparison of item and source retrieval, as in 
Experiment 3, to decrease retrieval of source information during the item retrieval task, 
subjects should perform the item retrieval task before the source retrieval task.   
In addition to these modifications of the present experimental design, further 
analysis of the present data and future studies employing experimental conditions 
shown to engage top-down control of episodic retrieval will provide further insight into 
role of theta oscillations in episodic retrieval.  A previous study found greater activity in 
right prefrontal brain regions for false than veridical memories (Schacter, Buckner, 
Koutstaal, Dale, & Rosen, 1997).  In the present studies, examining false compared to 
veridical memories would allow us to explore whether theta effects are specific to 
source retrieval or are greater under all conditions of uncertainty.  In addition to being 
greater for incorrect than correct source judgments, it is predicted that right frontal-left 
parietal theta coherence from 500-800 ms would be greater for FAs than hits.  In 
addition to false memories, a previous study showed greater activity in right DLPFC for 
low confidence than high confidence responses (Henson, Rugg, Shallice, & Dolan, 2000).  
Although in Experiment 3 we collected confidence responses, which allowed us to 
examine whether the EEG results were affected by confidence and showed a trend such 
that theta coherence correct/incorrect source effects appeared greater for the low than 
the high confidence category, we did not directly compare low confidence to high 
confidence responses.   It is predicted that right frontal-left parietal theta coherence 
would be greater for low than high confidence responses.  The lack of significant 
correlations among executive function updating and theta coherence on the episodic 
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task are likely due to the low sample size of the current study.  Additional subjects may 
increase power to find significant correlations among executive function updating and 
theta coherence and add support to the suggestion that theta coherence between right 
frontal and left parietal brain regions is related to post-retrieval monitoring.  In 
addition, frontal cortex is engaged when competing information is retrieved (Henson, 
Shallice, & Dolan, 1999; Rugg, Henson, & Robb, 2003).  Some source tasks require 
subjects to respond old to items only seen in the one of the encoding contexts, therefore, 
pitting recollection of the study context against the familiarity for old words from the 
excluded study context.  In such a task, it would be predicted that right frontal-left 
parietal theta coherence between 500-800 ms would be greater for items that were old 
but required a new response (items from the excluded task) compared to items that 
were old but required an old response (items from the included task).  Theta effects may 
be particularly strong when items are very familiar but excluded.   
Combining EEG and fMRI could provide valuable insight into the role of right 
frontal and left parietal cortex in top-down control of episodic retrieval.  EEG provides 
good temporal resolution that can help distinguish retrieval mode, retrieval success, 
and post-retrieval monitoring.  But the poor spatial resolution of EEG is not able to 
localize  operations occurring in specific regions of right PFC (Wagner, 1999) or left 
parietal cortex (reviewed in Simons & Mayes, 2008).  Therefore, the good spatial 
resolution of fMRI could help identify the source of theta effects and would help 
localize episodic retrieval processes to specific regions in right PFC and left parietal 
cortex.  In addition, EEG coherence analyses and fMRI connectivity analyses would 
greatly complement each other in showing how connected brain areas transiently 
interact to perform cognitive tasks such as episodic retrieval.   
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GENERAL CONCLUSIONS 
Previous research has implicated a role for right prefrontal and left parietal 
cortex in episodic retrieval.  In addition, individual differences in executive function 
tasks correlate with individual differences in episodic retrieval tasks suggesting that 
they share cognitive control processes.  The current results indicate that theta 
oscillations represent top-down control in episodic retrieval.  Specifically, theta 
coherence between right frontal and left parietal channels indicate that when detailed 
information is difficult to retrieve, a frontal-parietal control network interacts to 
monitor the contents of episodic retrieval.  In addition, executive function updating and 
episodic retrieval engage similar executive control processes.  And individuals who 
have better executive control are more efficient at monitoring the contents of episodic 
retrieval.  Combined, these results indicate that executive control operations for 
monitoring the contents of working memory and episodic memory are carried out by 
transient interactions in a frontal-parietal network. 
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